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THE EFFECT OF VISUAL-MOTION TIME DELAYS ON PILOT PERFORMANCE 

I N  A SIMULATED PURSUIT TRACKING TASK 

G. Kimbal l  Miller,  Jr., and Donald R .  R i l ey  
Langley Research Center 

SUMMARY 

An exper imenta l  s tudy  has been made t o  determine the  effect  on p i l o t  per- 
formance of t i m e  d e l a y s  i n  t h e  v i s u a l  and motion feedback loops  of  a s imula ted  
p u r s u i t  t r a c k i n g  t a sk .  Three major i n t e r r e l a t e d  f a c t o r s  have been i d e n t i f i e d :  
t a s k  d i f f i c u l t y  ei ther i n  t he  form of a i r p l a n e  handl ing  q u a l i t i e s  o r  t a r g e t  fre- 
quency, t h e  amount and type  of  motion cues ,  and time de lay  i t s e l f .  I n  g e n e r a l ,  
t h e  greater t h e  t a s k  d i f f i c u l t y ,  the  smaller t h e  time de lay  t h a t  could e x i s t  
wi thout  degrading p i l o t  performance. The g e n e r a l  effect  of  adding motion t o  
t h e  system w a s  t o  i n c r e a s e  the  pe rmis s ib l e  time de lay .  The b e n e f i t  o f  i n c l u d i n g  
motion cues  was p i l o t  dependent i n  a d d i t i o n  t o  be ing  a f u n c t i o n  of t he  amount 
and type  of  motion employed. The p i l o t s  can become nausea ted  i f  t h e  d e l a y s  
i n h e r e n t  i n  t h e  motion system and t h e  v i s u a l  system d i f f e r  by more than  about  
187 msec. 
t e r  match the  response  of  t he  motion system so  t h a t  t h e  p i l o t  performance 
improves. 

I n  some cases, t i m e  d e l a y s  can be added t o  the  v i s u a l  system t o  be t -  

I N T R O D U C T I O N  

The exac t  d u p l i c a t i o n  i n  f l i g h t  s i m u l a t o r s  of t h e  v i s u a l  and motion cues  
experienced dur ing  a c t u a l  f l i g h t  is  o f t e n  p r o h i b i t i v e l y  expens ive ,  i f  n o t  impos- 
s i b l e .  Consequently, i t  is important t o  determine t h e  d e p a r t u r e  from exac t  
d u p l i c a t i o n  t h a t  can be tolerated i n  s imula ted  f l i g h t .  T h i s  problem has many 
aspects: t h e  c o l o r ,  d e t a i l ,  and t e x t u r e  of the  model used i n  t h e  v isua l -scene  
g e n e r a t i o n ,  t h e  amount of  motion a v a i l a b l e ,  the  type  of  washout used t o  l i m i t  
t h e  motion base, and t h e  f i d e l i t y  of t he  s imula to r  response .  

A p rev ious  s tudy  ( r e f .  1) examined the effect  of time d e l a y s  i n  t h e  v i s u a l  
feedback loop  of  a p u r s u i t  t r a c k i n g  t a s k  f o r  17 d i f f e r e n t  sets of  a i rcraf t  han- 
d l i n g  q u a l i t i e s  u s i n g  a f ixed-base  s imula to r .  Reference 1 r e p o r t e d  adve r se  
effects of r e l a t i v e l y  small time d e l a y s  on p i l o t  performance f o r  some a i rcraf t  
conf igu ra t ions .  The p r e s e n t  s tudy  employed three a i r p l a n e s  selected from those  
s t u d i e d  i n  r e f e r e n c e  1 and examines the e f f e c t  of adding motion t o  t h e  simula- 
t i o n .  The c o n t r o l  case, r e p r e s e n t i n g  t h e  "real11 v e h i c l e ,  c o n s i s t e d  of  f l y i n g  
the s imula to r  i n  t h e  normal o p e r a t i n g  mode, t h a t  is ,  w i t h  t h e  time d e l a y s  inher -  
e n t  i n  the  system. T ime  de l ays  were then  added t o  t h e  v i s u a l  and motion cue 
p r e s e n t a t i o n s  i n  increments of  31.25 msec, and t h e i r  effects  were eva lua ted .  

T h i s  s tudy  examines s e v e r a l  exper imenta l  f a c t o r s :  t i m e  d e l a y s ,  motion 
cues ,  a i r p l a n e  handl ing  q u a l i t i e s ,  target-aircraft  f r e q u e n c i e s ,  and p i l o t s .  I n  
a d d i t i o n ,  combinations of  unequal time d e l a y s  i n  t h e  v i s u a l  and motion gene ra t -  



i n g  systems are examined t o  determine whether a combination e x i s t s  tha t  pro- 
v i d e s  bet ter  coord ina t ion  of cues  than  an equal-delay combination. 
t h e  exper imenta l  f a c t o r s  are examined us ing  on ly  one s u b j e c t  t o  minimize t h e  
r equ i r ed  number of s imula to r  runs .  
r e s u l t s  by us ing  f o u r  s u b j e c t s  t o  f l y  a g iven  s imula ted  a i r p l a n e  w i t h  and with- 
ou t  motions and wi th  d i f f e r e n t  time de lays .  

Most of 

An a t t empt  is then  made t o  g e n e r a l i z e  the 
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SYMBOLS 

2 a c c e l e r a t i o n  caused by aerodynamic f o r c e s ,  m/sec 

s t a t i s t i c a l  q u a n t i t y  a s s o c i a t e d  wi th  F d i s t r i b u t i o n  

s i d e  f o r c e ,  N 

g r a v i t a t i o n a l  a c c e l e r a t i o n ,  Ig = 9.8  m/sec2 

moment of  i n e r t i a ,  kg-m 2 

g a i n s  'used i n  motion-base d r i v e  e q u a t i o n s  

l i f t  f o r c e ,  N 

T r i m  l i f t  , per  sec 
mvx , 0 

I a L  

mvx, 0 aa 
-, per  see-rad - 

- -, p e r  secL 
aB 
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NP 

r o l l i n g  moment, N-m 

p i t c h i n g  moment, N-m 

yawing moment, N-m 

- 1 aMy 
I y  aa ' - - -  per  sec2  

a i rcraf t  mass, kg 

, per  sec - - - -  
I~ ar 

- - - -  , p e r  secL 
I~ a$ 

P angular rate around aircraft  l o n g i t u d i n a l  a x i s ,  r a d / s e c  

PK roll  motion d r i v e  s i g n a l  be fo re  compensation, r a d / s e c  

9 angu la r  rate around aircraft la te ra l  a x i s ,  r a d / s e c  

r 

t( 1 

angu la r  rate around a i rcraf t  normal a x i s ,  rad/sec 

s t a t i s t i ca l  q u a n t i t y  of lltll tes t  of s t u d e n t  I s  I t t f 1  d i s t r i b u t i o n ,  
pa ren theses  d e s i g n a t e  p a r t i c u l a r  f a c t o r  cons idered  
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aircraft  v e l o c i t i e s  a long  l o n g i t u d i n a l ,  lateral, and normal a x e s ,  
r e s p e c t i v e i y  , m/sec 

aircraft  v e l o c i t y ,  m/sec 

i n i t i a l  aircraft  t o t a l  v e l o c i t y ,  m/sec 

1 aFv 
- -  - 2, p e r  sec-rad 

mVx,o a@ 
lateral  and v e r t i c a l  d r i v e  commands f o r  motion base, m 

h o r i z o n t a l  motion d r i v e  s i g n a l  be fo re  compensation, m 

v e r t i c a l  motion d r i v e  s i g n a l  b e f o r e  compensation, m 

change i n  a n g l e  of attack from t r i m ,  rad 

s i d e s l i p  a n g l e ,  rad 

a i l e r o n  d e f l e c t i o n ,  rad or deg 

e l e v a t o r  d e f l e c t i o n ,  rad o r  deg 

rudder d e f l e c t i o n ,  r a d  or deg 

h o r i z o n t a l  t r a c k i n g  e r r o r ,  m 

v e r t i c a l  t r a c k i n g  e r r o r ,  m 

t o t a l  t r a c k i n g  e r r o r ,  

damping r a t i o  of l o n g i t u d i n a l  sho r t -pe r iod  mode 

p i t c h  and r o l l  d r i v e  commands for motion base, rad or deg 

unbiased estimate of s t anda rd  d e v i a t i o n  

u n i t s  of added time de lay  i n  v i s u a l  and motion cues (each  u n i t  equa l s  
0.03125 see) 

u n i t s  of added time de lay  i n  motion cues  (each  u n i t  equa l s  
0.03125 sec) 

units of  added time de lay  i n  v isua l -scene  d i s p l a y  (each u n i t  equa l s  
0.03125 sec) 

Euler a n g l e s ,  deg or r ad  

n a t u r a l  frequency of t r a c k e r  a i r c ra f t  l o n g i t u d i n a l  sho r t -pe r iod  mode, 
rad/sec 
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UT t a r g e t  a l t i t u d e  o s c i l l a t i o n  f requency ,  r ad / sec  

S u b s c r i p t s :  

0 i n d i c a t e s  i n i t i a l  cond i t ion  

x , y , z  denote a i rcraf t  a x e s  

X , Y , Z  denote i n e r t i a l  axes  

Abbrevia t ions  : 

ANOV a n a l y s i s  of  v a r i a n c e  

d . 0 . f .  degrees  of  freedom 

L.O.S. magnitude of r a d i a l  l i n e - o f - s i g h t  a n g l e  of  t a r g e t  from tracker 

L.S.R. least s i g n i f i c a n t  range i n  Duncan m u l t i p l e  range t e s t  

r m s  r o o t  mean square  

A do t  over a q u a n t i t y  i n d i c a t e s  a d e r i v a t i v e  wi th  r e s p e c t  t o  time. The 
r o o t  mean square  ( r m s  ( 1) i n d i c a t e s  r m s  va lue  of v a r i a b l e  i n  pa ren theses  f o r  a 
s i n g l e  run .  A b a r  over  a symbol i n d i c a t e s  t h e  a r i t h m e t i c  mean of r m s  ( ) v a l u e s  
f o r  a l l  runs  having i d e n t i c a l  t es t  c o n d i t i o n s .  

DESCRIPTION OF APPARATUS 

The tes ts  were performed i n  t h e  Langley visual-motion s imula to r  (VMS) which 
is  a h y d r a u l i c a l l y  o p e r a t e d ,  six-legged s y n e r g i s t i c  motion base .  (See f i g .  1.1 
Six  computed l e g  p o s i t i o n s  are used t o  d r i v e  t h e  motion base.  The computed ac tu-  
a t o r  ex tens ions  are passed from t h e  computer t o  t h e  motion base through d i g i t a l -  
to-analog c o n v e r t e r s  ( D A C )  every  0.03125 sec. To e l i m i n a t e  t h e  s t a i r s t e p p i n g  i n  
t h i s  ou tput  and provide  smooth, cont inuous  s i g n a l s  f o r  d r i v i n g  t h e  motion base ,  
t h e  DAC ou tpu t s  are passed through notch f i l t e r s  on t h e  hardware. F i l t e r  char- 
ac te r i s t ics  are g iven  i n  r e f e r e n c e  2 and t h e  t r ans fo rma t ions  used t o  compute t h e  
leg ex tens ions  i n  r e f e r e n c e  3. References 2 and 4 g i v e  t h e  performance l i m i t s  . 
of the  VMS. For the  p r e s e n t  s tudy ,  t h e  VMS was used both  as a fixed-base and as 
a moving-base s i m u l a t o r .  

The p i l o t ' s  compartment is somewhat r e p r e s e n t a t i v e  of  a two-man c o c k p i t  
( f i g .  2 ) .  Although t h e  pane l  i n s t rumen t s  were i l l u m i n a t e d ,  they  were no t  opera- 
t i o n a l  and were n o t  used by t h e  p i l o t  s u b j e c t s .  
were genera ted  by a small model and c l o s e d - c i r c u i t  t e l e v i s i o n .  The model was 
mounted i n  a two-gimbal s u p p o r t ,  and r o t a t e d  i n  p i t c h  and yaw i n  response  t o  t h e  
r e l a t i v e  equa t ions  of motion of t h e  two a i r c ra f t  so t h a t  t h e  s u b j e c t  s a w  t h e  
proper  a s p e c t  of t h e  target .  Targe t  a i rcraf t  roll w a s  accomplished e l e c t r o n i -  
c a l l y .  E leva t ion  and azimuth changes of  t h e  target a i rc raf t  i n  t h e  d i s p l a y  were 
ob ta ined  by r e p o s i t i o n i n g  t h e  t e l e v i s i o n  raster e l e c t r o n i c a l l y .  The r e p o s i t i o n -  
i ng  w a s  accomplished by us ing  s c a l e d  v o l t a g e s  t o  r e p r e s e n t  a n g l e s  of d e f l e c t i o n  

Visua l  cues  ( ta rge t  a i rc raf t )  

5 



i n  e l e v a t i o n  and azimuth. This  technique  e l imina ted  unwanted d e l a y s  i n  v i s u a l -  
scene  p r e s e n t a t i o n ;  such d e l a y s  occur when e l ec t romechan ica l  systems ( i n v o l v i n g  
mirrors, gears, and e lec t r ic  motors) are used t o  o b t a i n  e l e v a t i o n  and azimuth 
p o s i t i o n .  The image was d i sp layed  by use  of  a t e l e v i s i o n  s c r e e n  ( f i g .  3) wi th  
an i n f i n i t y  o p t i c s  mirror. The hor izon  was a l s o  p r o j e c t e d  on t h e  sc reen .  A 
reticle (c rossed  l i n e s )  was p r o j e c t e d  on t h e  c e n t e r  of  t h e  s c r e e n  t o  r e p r e s e n t  
s i g h t s  on t h e  aircraft flown by t h e  s u b j e c t .  

The s u b j e c t  maneuvered h i s  a i rcraf t  by u s i n g  a two-axis f i n g e r t i p  p e n c i l  
c o n t r o l l e r  of  t h e  f o r c e - s t i c k  type ;  t h i s  device  c o n t r o l l e d  r o t a t i o n s  about  t h e  
a i rcraf t  p i t c h  and roll axes .  Force c h a r a c t e r i s t i c s  of  t h e  c o n t r o l l e r  are g i v e n  
i n  f i g u r e  4.  The c o n t r o l l e r  is shown i n  t h e  photograph o f  f i g u r e  2 .  The equa- 
t i o n s  of motion of  t h e  pursu ing  a i r c r a f t  (see appendix) were so lved  on a d i g i t a l  
computer . 

The d i g i t a l  o u t p u t s  were then  converted t o  ana log  s i g n a l s  t o  d r i v e  the  
v isua l -scene  and motion gene ra t ion  equipment. The Langley Research Center hard- 
ware f o r  computer s i g n a l  p rocess ing  from analog  t o  d i g i t a l  back t o  ana log  can be 
r ep resen ted  mathemat ica l ly  as a p r e f i l t e r ,  computa t iona l  d e l a y ,  and zero-order  
hold.  The p r e f i l t e r  a t t e n u a t e s  t h e  ana log  i n p u t - s i g n a l  high-frequency compo- 
n e n t s  t o  suppres s  l l a l i a s ing l '  dur ing  t h e  a n a l o g - t o - d i g i t a l  convers ion .  The compu- 
t a t i o n a l  de lay  is t h e  de l ay  a s s o c i a t e d  wi th  t h e  i n p u t ,  t h e  p r o c e s s i n g ,  and t h e  
ou tpu t  of  a s i g n a l  through t h e  computer. F i n a l l y ,  a z e r o  hold adds one-half t h e  
computing i n t e r v a l  caused by t h e  sample-hold c h a r a c t e r i s t i c s .  T h i s  l a t t e r  de lay  
r e p r e s e n t s  an average  va lue  f o r  t h a t  p o r t i o n  of  t h e  equipment which i n c l u d e s  
(1 )  t h e  DAC, ( 2 )  t h e  scene  g e n e r a t i o n  equipment f o r  e l e v a t i o n  and azimuth l i n e -  
o f - s i g h t  ang le s  t o  t he  t a rge t ,  and ( 3 )  t h e  t e l e v i s i o n  d i s p l a y  of  t h e  scene  t o  
t h e  s u b j e c t .  For t h e  p r e f i l t e r  s e t t i n g  of  t h i s  s t u d y ,  t h e  described hardware 
c h a r a c t e r i s t i c s  create an average  t i m e  de l ay  from i n p u t  t o  o u t p u t  of  1.5 times 
t h e  update i n t e r v a l .  This  d e l a y  has an average  v a l u e  of 47 msec which becomes 
p a r t  of t h e  de lay  i n  t h e  v isua l -scene  p r e s e n t a t i o n .  Motion cue p r e s e n t a t i o n  
a l s o  has  t h i s  47 msec time de lay .  I n  a d d i t i o n ,  t h e  motion-base mechanical d r i v e  
system has  those  time l a g s  af ter  compensation desc r ibed  i n  r e f e r e n c e  2 .  

PILOT TASK 

The primary t a s k ,  as i n  r e f e r e n c e  1 ,  w a s  t o  t r a c k  a target a i rcraf t  t h a t  
was performing a s i n u s o i d a l  o s c i l l a t i o n  i n  t he  v e r t i c a l  p l ane  wi th  an  ampl i tude  
of k30.48 m and a frequency of 0.210 r a d l s e c .  P r e c o g n i t i v e  c o n t r o l  related t o  
t h e  s i n u s o i d a l  n a t u r e  of t h e  target motion should  be imposs ib l e  a t  f r e q u e n c i e s  
below 0.630 r a d / s e c  (ref. 5) .  The p u r s u i t  a i rc raf t  a u t o m a t i c a l l y  maintained a 
182.88-m s e p a r a t i o n  d i s t a n c e  behind t h e  target  a i rc raf t .  The p u r s u i t  a i rcraf t  
could  maneuver i n  t h e  remaining f i v e  degrees of freedom and was c o n t r o l l e d  
through t h e  use  of  a two-axis f i n g e r t i p  c o n t r o l l e r .  

This  s tudy  used t h e  secondary t a s k  of  r e f e r e n c e  1 t o  i n c r e a s e  t o t a l  p i l o t  
workload so t h a t  t h e  p i l o t  would have no r e s e r v e  c a p a b i l i t y  on which t o  draw 
when t h e  d i f f i c u l t y  of t h e  primary t a s k  was a l t e r e d .  The secondary task con- 
sisted o f  a l t e r n a t e l y  t app ing  two metal s t r i p s  i n l a i d  i n  a wooden board ( f i g .  5)  
s t r apped  t o  t h e  s u b j e c t ' s  l e f t  leg. A metal s t y l u s  abou t  the  s i z e  of a p e n c i l  
was used t o  t a p  t h e  metal s t r i p s .  S t y l u s  c o n t a c t  w i t h  a metal s t r i p  c losed  a n  
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e l e c t r i c a l  c i r c u i t ,  and a s i g n a l  w a s  s e n t  t o  a s t r i p  c h a r t  r eco rde r  where t h e  
s u b j e c t ' s  t apping  time h i s t o r y  was recorded .  The metal s t r i p s  were about 
1.27 cm wide and were p laced  10.16 c m  apar t .  A r a i s e d  wooden s t r i p ,  2.54 cm 
wide and 0.635 c m  h i g h ,  s epa ra t ed  t h e  two s t r i p s  t o  prevent  t h e  s u b j e c t  from 
s l i d i n g  t h e  s t y l u s .  The s u b j e c t  performed t h e  secondary t a s k  wi th  h i s  l e f t  hand 
whi le  he c o n t r o l l e d  t h e  a i rcraf t  wi th  h i s  r i g h t  hand. H e  was i n s t r u c t e d  t o  t a p  
t h e  metal s t r i p s  a l t e r n a t e l y  as r a p i d l y  as p o s s i b l e  whi le  keeping t h e  c e n t e r  of 
t h e  r e t i c l e  c r o s s h a i r s  as c l o s e  t o  t h e  target center as p o s s i b l e .  The s u b j e c t  
was t o l d  t h a t  accuracy as w e l l  as speed was impor tan t  i n  tapping  t h e  metal 
s t r i p s  because t h e  coun te r  ope ra t ed  only when t h e  s t r i p s  were tapped 
a l t e r n a t e l y .  

TEST PROGRAM 

Three main f a c t o r s  were v a r i e d  dur ing  t h i s  s tudy .  They were t h e  magnitude 
of t h e  t i m e  de l ays ,  t a s k  d i f f i c u l t y  e i t h e r  i n  t h e  form of  a i r p l a n e  handl ing  
q u a l i t i e s  or target f requency ,  and t h e  type  of  s imula to r  motion cues. 

T ime  de l ays  i n  v i s u a l  and motion cue p r e s e n t a t i o n  were v a r i e d  i n  m u l t i p l e s  
of  31.25 msec because t h a t  w a s  t h e  update i n t e r v a l  of  t h e  series d i g i t a l  com- 
p u t e r  used i n  t h e  s tudy .  After i n i t i a l  exper imenta t ion  wi th  m u l t i p l e s  of  0 ,  1 ,  
2 ,  3, 4 ,  5 ,  8 ,  12, and 16 u n i t s  of  d e l a y ,  most of t h e  d a t a  were c o l l e c t e d  f o r  0 ,  
4 ,  8 ,  12, and 16 u n i t s  of  de l ay .  This  smaller sample was used t o  reduce t h e  
number of r equ i r ed  r u n s .  

Three a i r p l a n e s  were s e l e c t e d  from those  s t u d i e d  i n  r e f e r e n c e  1 t o  vary  
t a s k  d i f f i c u l t y .  For convenience,  t h e s e  a i r p l a n e s  are des igna ted  "good,'l 
l t bas i c , l l  and llbad.'l The good a i r p l a n e  is de f ined  by t h e  a i r c r a f t  parameters  
l i s t e d  i n  t a b l e  I .  The b a s i c  a i r p l a n e  was formed by changing Mq and Ma t o  
-7.00 and 6.00, r e s p e c t i v e l y ,  whi le  t h e  bad a i r p l a n e  was formed by 
and Ma = 4.45. 
3.00 r a d / s e c ,  and t h e  damping w a s  0.70; t h e  parameters o h  = 2.83 and 5 = 1.59 
were used f o r  t h e  b a s i c  a i r p l a n e ,  and (on = 1.50 and 5 = 0.30 were used f o r  
t h e  bad a i r p l a n e .  Task d i f f i c u l t y  w a s  a l s o  v a r i e d  by changing t h e  frequency a t  
which t h e  target aircraft  moved i n  t h e  ve r t i ca l  p l ane .  Target f r equenc ie s  of 
0.210, 0.315, and 0.420 r a d / s e c  were examined. 

Mq = 1.10 
The shor t -per iod  frequency of  t h e  good a i r p l a n e  w a s  

Four types  of motion cues  were used i n  t h i s  s t u d y .  The most complete 
motion, hencefor th  c a l l e d  " f u l l  motion ,'l provided motion cues  i n  f o u r  degrees  
of  freedom: r o l l ,  p i t c h ,  heave, and sway. There w a s .  no yaw motion because,  as 
r e f e r e n c e  1 i n d i c a t e d ,  t h e  p i l o t s  never used t h e  rudder  p e d a l s ,  and t h e  yaw cues  
due t o  a i l e r o n  d e f l e c t i o n  were below t h r e s h o l d  f o r  t h i s  t a s k .  There w a s  no 
su rge  motion because t h e  l o n g i t u d i n a l  d i s t a n c e  between t h e  two a i rcraf t  was he ld  
c o n s t a n t  throughout t h e  s tudy .  The p i t c h  s i g n a l  w a s  small enough so t h a t  nei-  
t h e r  washout nor  scaling was requ i r ed .  Conversely,  t h e  roll motion and t h e  lat-  
eral motion were employed i n  a coord ina ted  manner (see ref. 61, p r i m a r i l y  i n  an 
a t t empt  t o  remove t h e  fa lse  cue caused by t h e  g r a v i t y  component dur ing  t h e  per- 
formance of  a coord ina ted  t u r n  i n  a s i m u l a t o r .  The heave motion employed second- 
o rde r  l i n e a r  f i l t e r i n g .  The v a l u e s  chosen f o r  t h e  f i l t e r  o r  washout parameters  
are presented  i n  t a b l e  11. These parameters  r e s u l t  from s e v e r a l  p re l imina ry  
runs  i n  which t h e  b a s i c  a i r p l a n e  and large time d e l a y s  were used. During t h e  



pre l imina ry  r u n s ,  t h e  washout parameters  were r e l a x e d  u n t i l  t h e  motion-base l i m -  
i ts  were c o n s i s t e n t l y  reached. The s c a l i n g  parameter w a s  then  a d j u s t e d  t o  t h e  
po in t  t h a t  t h e  motion base seldom reached t h e  l i m i t s .  Thus, a c o n s t a n t  set of 
washout parameters  could be used throughout t h e  s tudy .  

The second motion c o n d i t i o n ,  r e f e r r e d  t o  as Itno heave," was formed from 
f u l l  motion by removing t h e  heave component. Heave is o f t e n  omi t ted  (see 
ref. 7)  from s imula t ion  s t u d i e s  bu t  may be impor tan t  because of  i ts s i g n i f i c a n c e  
i n  l o n g i t u d i n a l  handl ing  q u a l i t i e s .  A t h i r d  commonly used motion c o n d i t i o n  
which employs angu la r  motion through the p r e s e n t a t i o n  of  angu la r  p o s i t i o n  was 
s t u d i e d  and is referred t o  as llangular. l l  The f o u r t h  motion c o n d i t i o n  cons ide red  
f o r  comparison purposes is called Ifno motion .I1 

Performance i n  t h e  primary t a s k  and t h e  secondary t a s k  was measured f o r  an  
i n t e r v a l  of  2 min f o r  each time de lay .  A minimum o f  10 runs  were performed a t  
each a i r p l a n e  motion-delay combination. So many runs  r e s u l t e d  i n  such a large 
data base t h a t ,  i n  g e n e r a l ,  on ly  one s u b j e c t  was used i n  c o l l e c t i n g  t h e  data. 
An a t tempt  was made t o  i n c r e a s e  t h e  g e n e r a l i t y  o f  t h e  r e s u l t s  by us ing  s e v e r a l  
s u b j e c t s  t o  f l y  t h e  basic a i r p l a n e  wi th  f u l l  motion and no motion over a range  
of  'time de lays .  The s u b j e c t s  were g e n e r a l l y  r e s e a r c h  eng inee r s  w i th  e i t h e r  
p i l o t  t r a i n i n g  or  e x t e n s i v e  exper ience  i n  v a r i o u s  f l i g h t  s i m u l a t o r s .  One sub- 
j ec t  w a s  a r e s e a r c h  test  p i l o t .  I n  a d d i t i o n ,  a supplementary i n v e s t i g a t i o n  was 
conducted t o  determine whether some unequal combination of  v i s u a l  and motion 
time de lay  e x i s t s  t h a t  p rov ides  bet ter  c o o r d i n a t i o n  of  cues  than  an equa l  
combination. 

RESULTS AND DISCUSSION 

The p i l o t  performance measures used i n  t h i s  s tudy  i n c l u d e  t h e  r m s  va lues  
(ove r  t h e  2-min f l i g h t )  of the  v e r t i c a l  and l a t e ra l  d isp lacements  of t h e  c e n t e r  
of  g r a v i t y  of  t h e  t a r g e t  aircraft  from t h a t  of  t h e  p u r s u i t  a i rcraf t .  The r m s  
va lues  of t h e  a i l e r o n  and e l e v a t o r  c o n t r o l  i n p u t s  were a l s o  c o l l e c t e d .  The p r i -  
mary performance measure, however, is the t o t a l  e r r o r  which is  j u s t  t he  sum of  
t h e  v e r t i c a l  and l a t e ra l  cen te r -o f -g rav i ty  d isp lacements .  Each performance mea- 
s u r e  was examined s t a t i s t i c a l l y .  An a n a l y s i s  of  v a r i a n c e  (ANOV) was cqnducted 
t o  determine whether any of t h e  exper imenta l  f a c t o r s  o r  i n t e r a c t i o n s  of  these 
f a c t o r s  were s i g n i f i c a n t .  (See ref. 8.) I f  t h e  ANOV i n d i c a t e d  a s i g n i f i c a n t  
effect  f o r  a g iven  f a c t o r ,  a t-test or Duncan m u l t i p l e  range t e s t  w a s  performed 
t o  determine which l e v e l s  of t h e  f a c t o r  d i f f e r e d  s i g n i f i c a n t l y  from o t h e r  
l e v e l s .  

The t- tests treated each f a c t o r  s e p a r a t e l y  t o  keep t h e  t r ea tmen t  of  a g iven  
f a c t o r  t h e  same when it was inc luded  i n  d i f f e r e n t  s u b s e t s  of  f a c t o r s  dur ing  t h e  
s tudy  ( f o r  example, motion-delay and p i l o t - d e l a y ) .  

The number of counts  ob ta ined  on t h e  secondary t a s k  w a s  a l s o  recorded f o r  
each 2-min f l i g h t .  
secondary t a s k  i n  a d i f f e r e n t  manner. 
t h e  amount of  time de lay  p r e s e n t  i n  t h e  s imula t ion  f o r  some s u b j e c t s  bu t  were 
una f fec t ed  f o r  o t h e r  s u b j e c t s .  
t o  a r r i v e  a t  a cons t an t  workload i n d i c a t o r  as w a s  done i n  r e f e r e n c e  1 .  I n  a l l  

Each of  t h e  s u b j e c t s  used i n  the c u r r e n t  s tudy  performed t h e  
The r e s u l t i n g  t a p  rates were affected by 

Because of  t h i s  i n c o n s i s t e n c y ,  i t  was imposs ib le  
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cases, however, the secondary t a sk  inc reased  t h e  p i l o t  workload and degraded t h e  
performance of  t h e  primary t a s k .  

Airplane-Motion-Delay Effects 

The r e p r e s e n t a t i v e  basic a i r p l a n e  and the  good a i r p l a n e  were flown wi th  
f u l l  motion and wi th  no motion f o r  a range of  t i m e  d e l a y s .  T i m e  h i s t o r i e s  of  
t y p i c a l  f l i g h t s  performed by us ing  the  basic a i r p l a n e  w i t h  no motion and wi th  
f u l l  motion are presented  f o r  r e f e r e n c e  i n  f i g u r e s  6 and 7,  r e s p e c t i v e l y ,  f o r  
8 u n i t s  of  time de lay .  The time h i s t o r i e s  ob ta ined  w i t h  motion are g e n e r a l l y  
smoother than  those  performed wi thout  motion, and t h e  c o n t r o l  i n p u t s  are some- 
what smaller. More impor t an t ,  the  l i ne -o f - s igh t  ang le  t o  the  target is "on- 
target" ( i n s i d e  t h e  w i n g  span of  the  target a i rcraf t )  f o r  most of  t h e  f l i g h t  
when motion is employed ( f i g .  7 ) ,  but  t h e  p i l o t  is unable t o  keep t h e  l i n e  of 
s i g h t  on target wi thout  motion ( f ig .  6 ) .  The p i l o t  believe'd that  t h i s  improve- 
ment r e s u l t s  l a r g e l y  from h i s  inc reased  a b i l i t y  t o  d i s t i n g u i s h  target-aircraf t 
motion from p u r s u i t - a i r c r a f t  motion when motion is inc luded .  The computed 
motion-base response  f o r  the t i m e  h i s t o r y  of  f i g u r e  7 is presented  i n  f i g u r e  8. 
The e r roneous  responses  of  the motion base i n  ax and ay are no t  n o t i c e a b l e  
t o  t he  p i l o t .  

The s t a t i s t i c a l  data f o r  t h i s  t h r e e - f a c t o r  experiment are presented  i n  
tab le  111. The ANOV i n d i c a t e d  t h a t  each of  t h e  three f a c t o r s  (time d e l a y ,  
motion c o n d i t i o n ,  and a i rp lane)  w a s  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  5-percent 
l e v e l  of  s i g n i f i c a n c e . '  Consequently, a t - tes t  was performed on each f a c t o r .  I n  
t h e  case of  the  time-delay f a c t o r ,  ze ro  de l ay  w a s  an obvious c o n t r o l  l e v e l ,  and 
t h e  t-test was used t o  determine whether any of the  o t h e r  t i m e  d e l a y s  was sig- 
n i f i c a n t l y  d i f f e r e n t  from the  c o n t r o l .  The r m s  performance measures ( t o t a l  
e r r o r ,  v e r t i c a l  e r r o r ,  h o r i z o n t a l  e r r o r ,  a i l e r o n  d e f l e c t i o n ,  and e l e v a t o r  
d e f l e c t i o n )  are p l o t t e d  i n  f i g u r e  9 as fur ic t ions  of  visual-motion t i m e  de lay  f o r  
t h e  basic a i r p l a n e  a t  t h e  two motion c o n d i t i o n s .  Each p o i n t  i n  t he  f i g u r e s  rep- 
r e s e n t s  t he  mean of 10 dat.a runs .  The f a i r i n g  of  t h e  data p o i n t s  is used t o  
he lp  v i s u a l i z e  t h e  s t a t i s t i c a l  s i g n i f i c a n c e  of the  t i m e  d e l a y s .  If  the second 
data p o i n t ,  a t  one u n i t  o f  d e l a y ,  is no t  s i g n i f i c a n t l y  d i f f e r e n t  from the ze ro  
de lay  p o i n t  a t  the 5-percent l e v e l ,  t h e  l i n e  con t inues  a t  t h e  o r i g i n a l  va lue .  
For succeeding time d e l a y s ,  t h e  l i n e  con t inues  u n t i l  t h e  5-percent s i g n i f i c a n c e  
l e v e l  is reached, a t  which t i m e  the  l i n e  is  faired t o  t h e  data p o i n t .  The main 
purpose of  t h e  f a i r i n g  is t o  show the  breakpoin t  a t  which t h e  performance begins  
t o  degrade. Consequently,  the  l i n e s  are no t  extended beyond t h e  breakpoin t  even 
though the  t-test was app l i ed  a t  a l l  t i m e  d e l a y s .  The r e l a t i v e  effect  o f  motion 
a t  a g iven  time de lay  is denoted through t h e  use  of  s o l i d  symbols. When t h e  no- 
motion performance is s i g n i f i c a n t l y  d i f f e r e n t  a t  the  5-percent l e v e l  from t h a t  
w i t h  f u l l  motion, the  symbol is s o l i d .  

The g e n e r a l  effect  of  i n c r e a s i n g  time de lay  ( f i g .  9 )  is  t o  cause a degra- 
d a t i o n  i n  p i l o t  performance. I n  the  f ixed-base  mode the  b reakpo in t  i n  t o t a l  
e r r o r ,  which is t h e  primary performance measure, occurs  a t  4 u n i t s  of  de l ay .  
When motion is added t o  the s i m u l a t i o n ,  the  b reakpo in t  i n  t o t a l  e r r o r  is  delayed 
u n t i l  8 u n i t s  of de l ay .  This  motion-delay i n t e r a c t i o n  is s t a t i s t i c a l l y  s i g n i f i -  
c a n t  ( tab le  111) a t  t h e  5-percent l e v e l  of s i g n i f i c a n c e .  The t r a c k i n g  t a s k  
occurs  p r i m a r i l y  i n  t h e  v e r t i c a l  p l a n e ,  and t h e  b reakpo in t s  of the v e r t i c a l  
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e r r o r  w i t h  and witholit motion a l s o  occur  a t  8 and - 4 units - o f  d e l a y ,  respec- 
t i v e l y .  The b reakpo in t s  i n  t h e  c o n t r o l  i n p u t s  6, and 6e occur  a t  smaller 
t i m e  d e l a y s  when motion is p r e s e n t  than  when motion is  a b s e n t .  Th i s  evidence 
i n d i c a t e s  t h a t  t h e  p i l o t  u s e s  motion cues  t o  a l t e r  h i s  c o n t r o l s  i n  o r d e r  t o  
ma in ta in  a low t o t a l  e r r o r .  A s  i n d i c a t e d  by t h e  shaded symbols, t h e  p i l o t  u s e s  
a s i g n i f i c a n t l y  smaller amount of  c o n t r o l ,  bo th  l a t e r a l l y  and l o n g i t u d i n a l l y ,  
when t h e r e  is motion than  when t h e r e  is  no motion f o r  a l l  t i m e  d e l a y s .  The 
r e s u l t i n g  t o t a l  e r r o r  is  a l s o  s i g n i f i c a n t l y  smaller. However, when 16 u n i t s  of  
de l ay  have been reached ,  t h e  t a s k  h a s  become so  d i f f i c u l t  t h a t  motion h a s  no 
s i g n i f i c a n t  effect  on t o t a l  e r r o r .  From a s u b j e c t i v e  s t a n d p o i n t ,  t h e  time 
d e l a y s  are n o t i c e a b l e  a t  about  4 u n i t s  of de l ay  and become i n c r e a s i n g l y  objec-  
t i o n a b l e  as the  de lay  is i n c r e a s e d .  'The performance wi th  f u l l  motion and no 
secondary t a s k  is a l s o  p re sen ted  i n  f i g u r e  9 f o r  z e r o  time de lay .  The effect  of 
t h e  secondary t a s k  on p i l o t  workload is  reflected i n  t h e  approximate ha lv ing  of 
t o t a l  e r r o r  when t h e  secondary t a s k  is removed. 

The performance measures f o r  t h e  good a i r p l a n e  are p resen ted  i n  f i g u r e  10 
where a larger i n t e r v a l  between time-delay t e s t  p o i n t s  has  been used t o  reduce 
t h e  r e q u i r e d  number of runs .  All t h e  t r a c k i n g  performance measures are, i n  gen- 
eral ,  s i g n i f i c a n t l y  smaller than  f o r  t h e  basic a i r p l a n e .  (See f i g s .  9 and IO.) 
I n  a d d i t i o n ,  t he  effect  of  motion is g e n e r a l l y  less  n o t i c e a b l e  f o r  t h e  good air-  
P lane  than  f o r  ' the basic a i r p l a n e .  T h i s  airplane-motion i n t e r a c t i o n  is  s i g n i f i -  
c a n t  ( tab le  111) a t  t h e  5-percent l e v e l .  The item of primary importance,  how- 
e v e r ,  is that  the breakpoin t  i n  t o t a l  e r r o r  does no t  occur  u n t i l  6 and 12 u n i t s  
of de l ay  f o r  t h e  f ixed-base  and fu l l -mot ion  c o n d i t i o n s ,  r e s p e c t i v e l y .  T h i s  i S  
a 50-percent increase over  t h a t  exper ienced  w i t h  t h e  basic a i r p l a n e .  This  
a i rp l ane -de lay  i n t e r a c t i o n  is s i g n i f i c a n t  a t  t h e  5-percent  l e v e l  of s i g n i f i c a n c e  
( t ab le  111). 
task d i f f i c u l t y  i n c r e a s e s .  For t h e  bad a i r p l a n e ,  no time-delay b reakpo in t  could  
be obta ined  wi th  f u l l  motion. The moving-base s i m u l a t o r  could  n o t  be run  wi th  
even 1 u n i t  of de l ay  because t h e  motion-base l i m i t s  were reached and t h e  S h u -  
l a t o r  was s h u t  down. I n  a d d i t i o n ,  t h e  effect  of  motion is s t a t i s t i c a l l y  s i g n i f i -  
c a n t  even a t  z e r o  time de lay  f o r  t h i s  bad a i r p l a n e .  

However, t h e  breakpoin t  i n  t o t a l  e r r o r  can become ve ry  small as 

(See  tab le  IV.) 

Targe t  Frequency Effects 

Another way t o  i n c r e a s e  task d i f f i c u l t y  is t o  i n c r e a s e  t h e  target  fre- 
quency. The s t a t i s t i ca l  data f o r  t h e  effect  of target frequency on t h e  basic 
a i r p l a n e  s imulated under fu l l -mot ion  c o n d i t i o n s  are p resen ted  i n  table  V.  
basic a i r p l a n e  only is used i n  t h e  remainder of t h e  s tudy  because of  t h e  prohib- 
i t i v e  amount of data needed t o  s tudy  more than  one a i r p l a n e .  The performance 
measures f o r  t h e  target f requency  effects are p l o t t e d  i n  figure 11 where t h e  
s o l i d  d a t a  p o i n t s  denote a d i f f e r e n c e  a t  t h e  5-percent s i g n i f i c a n c e  l e v e l  
between a given target frequency and t h e  o r i g i n a l  0.210 rad/sec t a r g e t  fre- 
quency. The data a t  t h e  o r i g i n a l  target frequency were c o l l e c t e d  by u s i n g  a 
r e l a t i v e l y  poor la teral  t r i m  procedure which has  been subsequent ly  improved. 
Th i s  first procedure r e s u l t s  i n  h o r i z o n t a l  e r r o r s  w i th  t h e  easiest c o n d i t i o n ,  
0.210 rad/sec, t h a t  are l a r g e r  than  t h o s e  w i t h  h ighe r  target  f r e q u e n c i e s .  Con- 
s e q u e n t l y , - t h e  effect  of target  f requency ,  which is p r i m a r i l y  a v a r i a b l e  i n  t h e  
v e r t i c a l  p l ane ,  is p a r t i a l l y  obscured i n  t h e  t o t a l  t r a c k i n g  e r r o r .  The re fo re ,  
t h e  v e r t i c a l  e r r o r  should be used t o  examine t h e  effect  of  i n c r e a s i n g  target 

The 
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frequency by 50 and 100 pe rcen t .  The v e r t i c a l  t r a c k i n g  e r r o r  shows a s i g n i f i -  
c a n t  i n c r e a s e ,  even a t  z e r o  time de lay ,  as the  t a r g e t  frequency i s  inc reased .  
The inc reased  task d i f f i c u l t y  is a l s o  reflected i n  t h e  s i g n i f i c a n t  i n c r e a s e  i n  
e l e v a t o r  i n p u t .  
o f  de lay  t o  2 u n i t s  of de l ay  on ly  by a 50-percent i n c r e a s e  i n  t a r g e t  frequency 
even though the  t a s k  d i f f i c u l t y  is be l i eved  by t h e  p i l o t s  t o  be very l i t t l e  
d i f f e r e n t  from the t a sk  d i f f i c u l t y  wi th  t h e  o r i g i n a l  target frequency. T h i s  
frequency-delay i n t e r a c t i o n  is s t a t i s t i c a l l y  s i g n i f i c a n t  ( tab le  V >  a t  t h e  
5-percent l e v e l .  It was expected t h a t  the time-delay breakpoin t  would be 
reduced t o  approximately z e r o  u n i t s  of de l ay  when t h e  target frequency was 
inc reased  t o  0.420 rad/sec. The r e s u l t i n g  breakpoin t  is no t  reduced p r i m a r i l y  
because t he  t a sk  is very  d i f f i c u l t  a t  t h e  high target  f requency ,  and the  r e s u l t -  
i n g  v a r i a n c e s  are r e l a t i v e l y  large. It should a l s o  be noted t h a t  it is  neces- 
s a r y  t o  rescale t h e  washout parameters  i n  o r d e r  t o  avoid  t he  motion-base l i m i t s ,  
and p i l o t  performance is affected by t h e  amount of motion a v a i l a b l e .  

I n  a d d i t i o n ,  t he  time-delay b reakpo in t  is reduced from 8 u n i t s  

Motion-Type Effects 

Performance is  a l s o  affected by the  type  of  motion used. Consequently, 
f o u r  motion c o n d i t i o n s  were examined by us ing  the  basic a i r p l a n e  and a target 
frequency of 0.210 r a d / s e c .  I n  a d d i t i o n  t o  t h e  no-motion and fu l l -mot ion  con- 
d i t i o n s ,  two f r e q u e n t l y  used t y p e s  of motion were inc luded  i n  t h e  s tudy ,  pure 
angu la r  motion and the  no-heave c o n d i t i o n .  The no-heave c o n d i t i o n  d i f f e r s  from 
t h e  fu l l -mot ion  c o n d i t i o n  i n  t h a t  t h e  v e r t i c a l  o r  heave Zomponent has been 
removed. The s ta t i s t ica l  data f o r  the  effects of motion c o n d i t i o n  are presented  
i n  table V I .  The r e s u l t i n g  performance measures are p resen ted  i n  f i g u r e  12 
where s o l i d  data p o i n t s  denote  a d i f f e r e n c e  a t  t h e  5-percent s i g n i f i c a n c e  l e v e l  
between a g iven  motion c o n d i t i o n  and t h e  fu l l -mot ion  c o n d i t i o n .  The t o t a l  
t r a c k i n g  e r r o r  f o r  the  no-motion c o n d i t i o n ,  t h e  no-heave c o n d i t i o n ,  and t h e  pure 
angu la r  condition,.'deteriorates a t  t he  same p o i n t ,  4 u n i t s  of de lay .  Only t h e  
full-motion cond i t ion  data are d i f f e r e n t ,  the  breakpoin t  being extended t o  
8 u n i t s  of de l ay .  These d i f f e r e n c e s  i n  b reakpo in t  exper ienced  w i t h  t he  d i f f e r -  
e n t  motion c o n d i t i o n s  do no t  appear as c l e a r  c u t  as some of  the p rev ious ly  men- 
t i oned  i n t e r a c t i o n  effects  because t h e  motion-delay i n t e r a c t i o n  shown i n  
table  V I  is no t  s i g n i f i c a n t  a t  t h e  5-percent l e v e l .  (However, t h e  motion-delay 
i n t e r a c t i o n  e f f e c t s  are s i g n i f i c a n t  a t  t he  IO-percent l e v e l  f o r  t h e  t o t a l  t r ack -  
i n g  e r r o r ,  t h e  v e r t i c a l  t r a c k i n g  e r r o r ,  and the  e l e v a t o r  i n p u t s . )  I n  a d d i t i o n ,  
t h e  no-motion, no-heave, and pure angu la r  c o n d i t i o n s  r e s u l t  i n  a t o t a l  e r r o r  
t h a t  is s i g n i f i c a n t l y  g r e a t e r  than  t h e  t o t a l  e r r o r  w i t h  the  fu l l -mot ion  condi- 
t i o n s  f o r  time d e l a y s  up t o  a t  least  8 u n i t s  of de l ay .  For t h e  larger t i m e  
d e l a y s ,  12 or 16 u n i t s ,  the  v a r i a n c e  of t h e  t o t a l  e r r o r  is so large t h a t ,  i n  
g e n e r a l ,  no s i g n i f i c a n t  d i f f e r e n c e  e x i s t s  between t h e  f o u r  motion c o n d i t i o n s .  
According t o  p i l o t  op in ion ,  any of  t h e  motion c o n d i t i o n s  was p r e f e r a b l e  t o  the  
no-motion cond i t ion .  T h i s  p re fe rence  f o r  motion is ref lected,  a t  least up t o  
8 u n i t s  of de l ay ,  by smaller c o n t r o l  i n p u t s  w i t h  any of  the  motion c o n d i t i o n s .  
The s u b j e c t s  p r e f e r r e d  motion p r i m a r i l y  because of t h e  lead in fo rma t ion  it pro- 
v ided ,  bu t  a l s o  because motion enabled t h e  s u b j e c t s  t o  better s e p a r a t e  t h e  la t -  
eral t a s k  from t h e  l o n g i t u d i n a l  t a s k .  However, t h e  s u b j e c t s  had a d e f i n i t e  
p re fe rence  f o r  the  fu l l -mot ion  cond i t ion .  The pure angu la r  c o n d i t i o n  w a s  t h e  
least  p r e f e r r e d  motion c o n d i t i o n  because i t  f e l t  ve ry  mechanical when compared 
w i t h  t h e  more complete motion c o n d i t i o n s .  
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Thus f a r ,  th rer  i n t e r r e l a t e d  major effects have been i d e n t i f i e d .  They are 
time d e l a y s ,  t a s k  d i f f i c u l t y  (e i ther  i n  t h e  form of a i r p l a n e  handl ing  q u a l i t i e s  
or  target f r equency) ,  and t h e  amount and type  o f  motion cues  p re sen ted  t o  t h e  
s u b j e c t .  

R e l a t i v e  T i m e  Delays 

Thus fa r ,  t h e  t i m e  de l ays  have been added e q u a l l y  both  t o  t h e  v i s u a l  system 
and t h e  motion system. However, t h e r e  may be some unequal combination of  v i s u a l  
time de lay  and motion t i m e  de l ay  t h a t  p rov ides  better coord ina5ion  of cues  t h a n  
an equa l  combination. The t r a c k i n g  t a s k  is p r i m a r i l y  a v i s u a l  t a s k  a l though 
motion cues  s t r o n g l y  i n t e r a c t .  Thus, it is believed t h a t  v i s u a l  time d e l a y s  
w i l l  be dominant, and motion d e l a y s  w i l l  be o f  a p e r t u r b a t i o n a l  n a t u r e .  .Because 
of  t h e  expec ted  d i f f i c u l t y  i n  s e p a r a t i n g  t h e  e f f e c t s  of  motion d e l a y s  from 
v i s u a l  d e l a y s ,  an au tomat ic  la teral  t r i m  c i r c u i t  was employed be fo re  each run. 
Th i s  au tomat ic  trim c i r c u i t  is much more c o n s i s t e n t  t han  t h e  manual t r i m  p rev i -  
ous ly  used  f o r  t h e  handl ing  q u a l i t i e s ,  target f requency ,  and motion c o n d i t i o n  
i n v e s t i g a t i o n s .  The au tomat ic  trim c i r c u i t  r e s u l t s  i n  a p i l o t  t a s k  t h a t  is gen- 
e r a l l y  somewhat easier than  wi th  manual t r i m  and w i l l  be used i n  t h e  remainder 
of t h e  paper unless o the rwise  noted .  

Motion-delay effects.- Tracking runs  were made w i t h  v a r i o u s  amounts of 
motion de lay  and wi th  v i s u a l  de l ay  he ld  c o n s t a n t  a t  8 u n i t s .  These time-delay 
c o n d i t i o n s  were selected because t h e  d i f f e r e n c e  i n  t o t a l  t r a c k i n g  e r r o r  was t h e  
largest  between f u l l  motion and no motion f o r  t h e  p rev ious  tes ts  w i t h  v i s u a l  
and motion d e l a y s  s e t  equa l  t o  8 u n i t s .  (See f ig.  9 . )  The s t a t i s t i c a l  data f o r  
8 u n i t s  of v i s u a l  de lay  and a range  of v a r i o u s  amounts of motion de lay  are pre- 
s en ted  i n  table  V I 1  where t h e  Duncan m u l t i p l e  range  t e s t  ( r e f .  8 )  i s  used t o  
t e s t  f o r  l e v e l  effects  because t h e r e  is no obvious  motion de lay  t o  choose as a 
c o n t r o l  l e v e l .  The performance measures f o r  t h i s  r e l a t i v e  de l ay  comparison are 
p resen ted  i n  f i g u r e  13. Although t h e  mean t o t a l  e r r o r ,  v e r t i c a l  e r r o r ,  and hor- 
i z o n t a l  e r r o r  begin t o  degrade after 8 u n i t s  of motion de lay  ( f ig .  131, t he  
degrada t ion  becomes s i g n i f i c a n t  on ly  a f t e r  16 u n i t s  of motion de lay  a t  t h e  
5-percent l e v e l .  A s imp l i f i e t i  a n a l y s i s  u s ing  t h e  hardware d e s c r i p t i o n  g iven  i n  
r e f e r e n c e  2 is p resen ted  i n  table  VI11 t o  e x p l a i n  why t h e  deg rada t ion  i n  pe r fo r -  
mance is no t  significant u n t i l  a f te r  more than  16 u n i t s  of motion delay.. 
s i m p l i f i e d  a n a l y s i s  assumes a c o n s t a n t  f requency  f o r  t h e  normal a c c e l e r a t i o n  so  
t h a t  timelags and time d e l a y s  can be t r e a t e d  e q u i v a l e n t l y .  The s h o r t  pe r iod  
frequency of t h e  a i r p l a n e ,  2.83 rad/sec, is a r easonab le  va lue  f o r  t h a t  fre- 
quency. (See f i g .  8 . )  The r e s u l t i n g  mismatch between t h e  v i s u a l  and motion 
systems exceeds 300 only af ter  12 u n i t s  of  d e l a y  f o r  bo th  the  p i t c h  and heave 
cues .  Because h i g h - f i d e l i t y  s i m u l a t o r  motion h a s  been c h a r a c t e r i z e d  by phase 
ang le s  of less  than  300 ( r e f .  9 1 ,  i t  is n o t  s u r p r i s i n g  t h a t  motion de lays  are 
no t  s i g n i f i c a n t  u n t i l  a f te r  12 u n i t s  of de l ay .  

The 

It should be  emphasized t h a t  t h e  s u b j e c t  found t h a t  when t h e  motion de lay  
d i f f e r e d  from the  v i s u a l  de l ay  by more than  about  4 u n i t s  of de l ay ,  he tended t o  
become nausea ted  even though h i s  performance d i d  no t  d e t e r i o r a t e .  The s u b j e c t  
be l ieved  t h a t  t he  tendency t o  become nausea ted  might be  even greater i f  he spen t  
a l l  h i s  time looking  a t  t h e  v i s u a l  d i s p l a y  r a t h e r  t han  looking  away as r e q u i r e d  
by t h e  secondary t a s k .  Consequently, a series of  runs  were performed wi thout  

12 



us ing  the  secondary t a sk .  The s u b j e c t  w a s  able t o  accommodate t h e  h igh  v a l u e s  
of  motion de lay  wi thout  nausea a l though  such c o n d i t i o n s  were s t i l l  ob jec t ion -  
able. What was most i n t e r e s t i n g  when t h e  secondary t a s k  was removed w a s  t h a t  
the  s u b j e c t  no longe r  made discrete c o n t r o l  i n p u t s  a t  small motion de lays  but  
switched t o  cont inuous  i n p u t s  ( f i g .  14) .  However, the  s u b j e c t  r e v e r t e d  t o  d i s -  
crete i n p u t s  when under t h e  i n f l u e n c e  of motion d e l a y s  greater than  about  
12 u n i t s .  D i f f i c u l t  t r a c k i n g  tasks  have been c h a r a c t e r i z e d  by discrete o r  pul- 
sa t i le  i n p u t s  while  easier t a s k s  are flown i n  a cont inuous  manner (ref.  I O ) .  It 
appea r s ,  t h e r e f o r e ,  that  the primary t a s k  a l o n e  is n o t  ve ry  d i f f i c u l t  a t  small 
time d e l a y s ;  it becomes d i f f i c u l t  a t  large time d e l a y s ,  and the  use  of t he  sec- 
ondary task r e s u l t s  i n  a t o t a l  t a s k  t h a t  is d i f f i c u l t  even a t  small de l ays .  

Visual-delay effects.- Although there w a s  no s i g n i f i c a n t  effect  of d e l a y s  
i n  the  motion system, it is p o s s i b l e  t h a t  there may be a v isua l -de lay  effect .  
The i n e r t i a s  a s s o c i a t e d  w i t h  t he  motion system are ve ry  large i n  r e l a t i o n  t o  t he  
v i s u a l  system and t h u s  may r e s u l t  i n  d e l a y s  t h a t  are i n h e r e n t l y  larger than  
t h o s e  i n  t he  v i s u a l  system. 'Consequently,  a series of  runs 'were  performed wi th  
s e v e r a l  l e v e l s  of v i s u a l  de l ay  and w i t h  no motion de lay .  The s ta t is t ical  data 
t o  examine t h e  effects  of v i s u a l  de l ays  are p resen ted  i n  t ab le  I X .  The Duncan 
m u l t i p l e  range test ( re f .  8 )  is  a g a i n - u s e d  t o  t e s t  f o r  l e v e l  effects.  The per-' 
formance measures f o r  t h i s  r e l a t i v e  de l ay  comparison are p resen ted  i n  f i g u r e  15. 
Based on t h e  mean va lues  of t h e  t o t a l  e r r o r  and i t s  components, there i s  no non- 
z e r o  time de lay  f o r  which t h e  p i l o t  performance is s i g n i f i c a n t l y  b e t t e r  than  a t  
z e r o  t i m e  de l ay ,  aga in  a t  t h e  5-percent l e v e l  of  s i g n i f i c a n c e .  However, the  
mean va lues  of  the t o t a l  e r r o r  and its components are somewhat smaller a t  
2 u n i t s  of v i s u a l  de lay  ( t ab le  1x1. I n  a d d i t i o n ,  t h e  s t anda rd  d e v i a t i o n s  a t  
2 u n i t s  of v i s u a l  de lay  are much smaller than  a t  any o t h e r  v i s u a l  de lay .  
Indeed ,  t h e  test f o r  homogeneity of  va r i ance  (ref.  1 1 )  shows the va r i ance  a t  
2 u n i t s  of v i s u a l  de l ay  t o  be s i g n i f i c a n t l y  smaller a t  t h e  5-percent l e v e l  t han  
t h a t  a t  any o t h e r  de iay .  Thus, there is a r e l a t i v e  de l ay  effect .  I n s i g h t  i n t o  
the  phys ica l  r eason  f o r  t h i s  r e l a t i v e  de l ay  effect  can be  gained from a s impl i -  
f i e d  a n a l y s i s  ( t ab l e  X) based on c o n s t a n t  frequency i n p u t s  a t  2.83 r a d / s e c  as 
p r e v i o u s l y  mentioned. The s i m p l i f i e d  a n a l y s i s  shows t h a t  t h e  average  (of  t h e  
p i t c h  and heave) mismatch'between v i s u a l  and motion cues  is  a minimum a t  about 
2 u n i t s  of v i s u a l  de lay .  

It seemed p o s s i b l e  t h a t  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  mean t o t a l  e r r o r  
might occur  i f  t h e  task d i f f i c u l t y  were a l i t t l e  greater.  Consequently, the  
target frequency was inc reased  by 50 pe rcen t  t o  0.315 rad/sec, and s e v e r a l  V a l -  
ue s  of v i s u a l  de l ay  were examined i n  con junc t ion  w i t h  z e r o  u n i t s  of motion 
de lay .  The r e s u l t i n g  s ta t i s t ica l  data are p resen ted  i n  table  X I ,  and t h e  per- 
formance measures are p l o t t e d  i n  f i g u r e  16. The data show t h a t  w i t h  t h e  
i n c r e a s e  i n  t a s k  d i f f i c u l t y ,  bo th  t h e  mean t o t a l  e r r o r  and the  va r i ance  are 
s i g n i f i c a n t l y  smaller a t  2 u n i t s  of v i s u a l  de l ay  than  a t  z e r o  v i s u a l  de lay .  A 
re la t ive de lay  effect  seems c e r t a i n .  However, it is n o t  s u b j e c t i v e l y  n o t i c e a b l e  
and probably would n o t  be s t a t i s t i c a l l y  detectable unless the s u b j e c t  w a s  q u i t e  
w e l l  t r a i n e d .  The effect may a l s o  be s u b j e c t  dependent. Although t h e  s u b j e c t ' s  
performance is s t a t i s t i c a l l y  bet ter  wi th  2 u n i t s  of v i s u a l  de l ay  than  w i t h  z e r o  
v i s u a l  de l ay ,  t h e  d i f f e r e n c e  is no t  s u b j e c t i v e l y  detectable, a t  least  under the  
i n f l u e n c e  of  the  secondary task.  The effect  is q u i t e  s u b t l e  and w a s  no t  r epea t -  
able w i t h  a second s u b j e c t .  It should be po in ted  o u t  tha t  the  v i s u a l  and motion 
channels  of t h e  VMS are more c l o s e l y  matched (approximate ly  140 msec for the 
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heave channel ,  f o r  example) than  f o r  some s i m u l a t o r s  i n  which t h e  t r a n s p o r t  lag 
a s s o c i a t e d  wi th  t h e  motion system can approach 350 msec. On such poor ly  matched 
s i m u l a t o r s ,  t h e  improvement i n  p i l o t  performance r e s u l t i n g  from t h e  a d d i t i o n  of  
an a r t i f i c i a l  time de lay  t o  t he  v i s u a l  channel may no t  be so s u b t l e .  

P i l o t  Effects 

The effects of t h e  exper imenta l  f a c t o r s  examined t h u s  far  have involved  
on ly  one s u b j e c t ,  who w i l l  be r e f e r r e d  t o  as s u b j e c t  A .  I n  orde: t o  i n c r e a s e  
t h e  g e n e r a l i t y  of t h e  r e s u l t s ,  three s u b j e c t s  were added t o  examine p o s s i b l e  
p i l o t  effects  by u s i n g ' t h e  basic a i r p l a n e ,  a target frequency of  0.210 rad/sec, 
and both  f u l l  motion and no motion. The a n a l y s i s  of v a r i a n c e  ( tab le  X I 1 1  i n d i -  
cates t h a t  t h e r e  is indeed a p i l o t  e f f e c t  based on a comparison made a t  0 ,  4 ,  
and 8 u n i t s  of de l ay .  I n  a d d i t i o n ,  t h e  p i lo t -mot ion ,  p i l o t - d e l a y ,  and p i l o t -  
motion-delay i n t e r a c t i o n s  are s i g n i f i c a n t .  

That d i f f e r e n t  p i l o t s  react d i f f e r e n t l y  t o  motion cues ,  are affected d i f -  
f e r e n t l y  by time d e l a y s ,  and have d i f f e r e n t  motion-delay i n t e r a c t i o n s  is t o  be 
expec ted .  However, the  s i g n i f i c a n c e  of  these i n t e r a c t i o n s  is clouded because 
s u b j e c t s  B ,  C ,  and D used t h e  au tomat i c  la teral  t r i m  s e t u p  wh i l e  s u b j e c t  A used 
t h e  less a c c u r a t e  manual trim s e t u p .  I n  a d d i t i o n ,  it w a s  necessa ry  t o  rescale 

' t h e  heave channel f o r  s u b j e c t s  C and D t o  avoid  t h e  motion-base l i m i t s .  With 
t h e s e  r e s t r i c t i o n s  de f ined ,  t h e  performances of t h e  s u b j e c t s  are d i scussed  
i n d i v i d u a l l y .  

The s t a t i s t i c a l  r e s u l t s  f o r  s u b j e c t  A have been p resen ted  earlier i n  
table  I11 and f i g u r e  9 .  The s ta t is t ical  data f o r  s u b j e c t  B are presented  i n  
table X I I I ,  and t h e  r e s u l t s  are p l o t t e d  i n  f i g u r e  17. The g e n e r a l  l e v e l s  of  t h e  
t o t a l  e r r o r  and i t s  components are somewhat larger f o r  s u b j e c t  B than  f o r  sub- 
j ec t  A .  However, t he  b reakpo in t s  i n  t o t a l  e r r o r  w i th  and wi thout  motion are 
l o c a t e d  a t  8 and 4 units of de l ay ,  r e s p e c t i v e l y ,  f o r  each of t h e  two s u b j e c t s .  
S u b j e c t  B d i d  tend t o  use  smaller c o n t r o l  i n p u t s  under fu l l -mot ion  c o n d i t i o n s  
than  s u b j e c t  A d id .  However, it should  be noted t h a t  the  r e s u l t s  f o r  s u b j e c t  A 
were ob ta ined  before  t h e  au tomat ic  la teral  t r i m  s e t u p  was implemented. The 
effect  of  t h e  au tomat ic  t r i m  cond i t ion  i n  r e l a t i o n  t o  t h e  poorer manual t r i m  can 
be examined by comparing t h e  no-motion r e s u l t s  of s u b j e c t  B w i th  t h e  f ixed-base  
s tudy  presented  i n  r e fe rence  1 where s u b j e c t  B ope ra t ed  unde'r t h e  i n f l u e n c e  of 
t h e  poor trim c o n d i t i o n s .  The s ta t i s t ica l  data f o r  t h e  comparison between t h e  
poor t r i m  cond i t ion  and t h e  au tomat ic  t r i m  c o n d i t i o n  are p resen ted  i n  table  X I V .  

The r e s u l t s  are p l o t t e d  i n  f i g u r e  18 where t h e  s o l i d  symbols denote  a s i g -  
n i f i c a n t  trim d i f f e r e n c e  a t  t h e  5-percent l e v e l  of  s i g n i f i c a n c e ,  b u t  t h e  compar- 
i s o n  is  made only a t  a l t e r n a t e  p o i n t s  because t h e  c u r r e n t  s tudy  u s e s  a c o a r s e r  
time-.delay g r i d  than  was used i n  r e f e r e n c e  1 .  The g e n e r a l  effect  of t h e  auto- 
matic trim cond i t ion  is t o  lower t h e  l e v e l  of t h e  performance measures. T h i s  
effect  is  p a r t i c u l a r l y  t r u e  i n  t h e  case of t h e  h o r i z o n t a l  e r r o r  and t h e  a i l e r o n  
i n p u t s  which are d i r e c t l y  related t o  la teral  t r i m .  The b reakpo in t s  i n  t o t a l  
e r r o r  and v e r t i c a l  e r r o r  are delayed by about  1 un i t  w i th  t h e  au tomat ic  t r i m  
c o n d i t i o n .  Thus t h e  performance of s u b j e c t  A may be somewhat poorer  and t h e  
b reakpo in t s  would occur  somewhat earlier than  they  would i f  t h e  au tomat ic  t r i m  
c o n d i t i o n  under which t h e  o t h e r  s u b j e c t s  were t e s t e d  had been used. Discount ing  
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t h e s e  d i f f e r e n c e s  due t o  t r i m  c o n d i t i o n s ,  t h e  performances of s u b j e c t s  A and I3 
are g e n e r a l l y  very similar. S u b j e c t s  C and D ,  however, d i f f e red  from s u b j e c t s  A 
and B i n  t h a t  they  o f t e n  encountered the  l i m i t s  of t h e  moving-base s i m u l a t o r .  
The s u b j e c t s  reacted by a l t e r i n g  their  f l y i n g  techniques  t o  make more conserva- 
t i v e  c o n t r o l  i n p u t s  and t h u s  avoid  encounter ing  t h e  l i m i t s  of t h e  motion base. 
Although they  were able t o  avoid the  motion-base l i m i t s ,  s u b j e c t s  C and D found 
the r e q u i r e d  mod i f i ca t ion  of t h e i r  f l y i n g  t echn iques  ob jec t ionab le .  Conse- 
q u e n t l y ,  the  heave channel of t h e  motion washout was rescaled t o  permit on ly  
one- th i rd  of t h e  u s u a l  response .  S u b j e c t s  C and D much p r e f e r r e d  t h e  rescaled 
washout t o  the  o r i g i n a l  s e t u p  and inc reased  the  magnitude of  t h e i r  c o n t r o l  
i n p u t s  t o  what they  be l i eved  w a s  t h e i r  normal l e v e l .  The s t a t i s t i c a l  data f o r  
s u b j e c t s  C and D are p resen ted  i n  tables XV and X V I ,  and t h e  r e s u l t s  are p l o t t e d  
i n  f i g u r e s  19 and 20, r e s p e c t i v e l y .  I n  g e n e r a l ,  s u b j e c t s  C and D have smaller 
t r a c k i n g  e r r o r s ,  both wi th  and wi thout  motion, t han  do s u b j e c t s  A and B. I n  
a d d i t i o n ,  s u b j e c t s  C and D do no t  show t h e  s t a t i s t i c a l l y  s i g n i f i c a n t  e f f e c t s  of  
motion on t r a c k i n g  performance shown by s u b j e c t s  A and B. The use  of  motion 
a l s o  f a i l s  t o  s h i f t  t h e  breakpoin t  i n  t r a c k i n g  performance t o  l a r g e r  t i m e  d e l a y s  
f o r  s u b j e c t  C. T h i s  absence of motion effect  is p a r t i a l l y  a r e s u l t  of having 
reduced t o  one- th i rd  the  magnitude of t h e  heave cue g iven  t o  s u b j e c t s  C and D 
from t h a t  g iven  t o  s u b j e c t s  A and B. The small amount of heave tha t  remains 
e s s e n t i a l l y  reduces  t h e  fu l l -mot ion  c o n d i t i o n  t o  approximately t h e  no-heave con- 
d i t i o n ,  and s u b j e c t  A g e n e r a l l y  showed no s i g n i f i c a n t  motion effects  when the  
no-heave cond i t ion  was compared w i t h  t h e  no-mot ion 'condi t ion .  (See f i g .  12 . ) .  
However, it is a l s o  known t h a t  c e r t a i n  s u b j e c t s  are r e l a t i v e l y  i n s e n s i t i v e  t o  
motion cues .  

S u b j e c t s  C and D were no t  t o t a l l y  i n s e n s i t i v e  t o  motion, however, and used 
s i g n i f i c a n t l y  smaller c o n t r o l  i n p u t s  ( f i g s .  19 and 20) when motion cues  were 
inc luded  as d i d  s u b j e c t s  A and B. 
i c a n t  p i l o t  effects as far as the  c o n t r o l  i n p u t s  are concerned, w i th  t h e  excep- 
t i o n  of s u b j e c t  A who employed larger a i l e r o n  i n p u t s  than  d i d  t h e  o t h e r  sub- 
j ec t s .  T h i s  is not  be l ieved  t o  be a t r u e  p i l o t  effect  because s u b j e c t  A w a s  the  
only s u b j e c t  t o  use  t h e  poor l a t e ra l  t r i m  s e t u p .  

There are no c o n s i s t e n t  s t a t i s t i c a l l y  s i g n i f -  

S u b j e c t i v e  - -- - - - - - - eva lua t ion . -  The s u b j e c t i v e  e v a l u a t i o n s  of t h e  motion c o n d i t i o n s  
were very  c o n s i s t e n t .  The s u b j e c t s  p r e f e r r e d  any of the motion c o n d i t i o n s  t o  
t h e  fixed-base (or no-motion) cond i t ion .  However, they  d i d  p r e f e r  t h e  f u l l -  
motion c o n d i t i o n  t o  the  o t h e r  motion c o n d i t i o n s .  The d i f f e r e n c e  between the no- 
heave and t h e  fu l l -mot ion  c o n d i t i o n s  w a s  very  s u b t l e ,  bu t  t h e  absence of heave 
w a s  a d e t r a c t i n g  f a c t o r .  The s u b j e c t s  rated the  pure-angular motion c o n d i t i o n  
lowest because it f e l t  q u i t e  mechanical. 

Sec-ondary t a sk . -  Reference 1 i nco rpora t ed  the  t a p  rate of t he  secondary 
t a s k  i n  a l i n e a r  expres s ion  wi th  a i l e r o n  and e l e v a t o r  i n p u t s  t o  form what w a s  
called a work-level i n d i c a t o r  (WLI). T h i s  WLI w a s  c o n s t a n t  over  t he  range Of 
t i m e  d e l a y s  examined; the  magnitude of  t h e  c o n t r o l  i n p u t s  i nc reased  propor t ion-  
a t e l y  wi th  the  decrease i n  t a p  rate.  The r e s u l t s  of  t he  p r e s e n t  paper were n o t  
pu t  i n t o  the  WLI format because t h e  p i l o t s  performed the secondary t a s k  differ-  
e n t l y .  The r e s u l t i n g  t a p  rates of s u b j e c t s  A and C remained e s s e n t i a l l y  con- 
s t a n t  over t h e  e n t i r e  range of t i m e  d e l a y s ,  whereas t h e  t a p  rates of s u b j e c t s  B 
and D fell o f f  as time de lay  w a s  i n c r e a s e d .  The lack of c o n t r o l s  on the  secon- 
da ry  t a s k  makes it imposs ib le  t o  f o r c e  t h e  s u b j e c t s  t o  implement t h e  task i n  a 
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c o n s i s t e n t  manner. However, as i n d i c a t e d  i n  f i g u r e s  9 ,  17,  19,  and 20, t h e  sec- 
ondary t a s k  d i d  i n c r e a s e  t h e  t o t a l  p i l o t  workload and reduced t h e  performance of 
t h e  primary t a s k .  

CONCLUDING REMARKS 

An exper imenta l  s tudy  h a s  been made t o  determine t h e  effect  on p i l o t  per- 
formance of time de lays  i n  t h e  v i s u a l  and motion feedback l o o p s  of  a s imula t ed  
p u r s u i t  t r a c k i n g  t a s k .  Three major i n t e r r e l a t e d  f a c t o r s  have been i d e n t i f i e d :  
t a s k  d i f f i c u l t y ,  motion cues ,  and time d e l a y s .  R e s u l t s  from t h i s  s tudy  can be 
summarized as fo l lows:  

1 .  The amount of t i m e  de l ay  t h a t  can be t o l e r a t e d  decreases as t a s k  d i . f f i -  
c u l t y  i n c r e a s e s .  I n  t h e s e  tests, t h e  t a s k  d i f f i c u l t y  was al tered by changing 
t h e  frequency and damping of  t he  shor t -pe r iod  l o n g i t u d i n a l  mode of t h e  p u r s u i t  
a i rcraf t .  The t a s k  d i f f i c u l t y  was a l s o  altered by changing t h e  s i n u s o i d a l  fre- 
quency of o s c i l l a t i o n  of t h e  target a i rcraf t .  

2.  When r e l a t i v e l y  complete motion cues are inc luded  i n  t h e  s i m u l a t o r ,  con- 
s i d e r a b l y  larger time de lays  can e x i s t  wi thout  degrading  p i l o t  performance. The 
amount of motion available and t h e  number of degrees  of  freedom o f  motion are 
impor tan t  f a c t o r s .  

3. Although only  f o u r  s u b j e c t s  were used i n  t h e  s tudy ,  t h e r e  is  a s i g n i f i -  
c a n t  p i l o t  effect .  I n  g e n e r a l ,  t h e  s u b j e c t s  f a l l  i n t o  two groups .  For t h e  
first group, t h e  t r a c k i n g  e r r o r  is s i g n i f i c a n t l y  improved when motion is 
inc luded ;  f o r  t h e  second group, motion has  cons ide rab ly  less effect  on t r ack -  
i n g  e r r o r .  A l l  the s u b j e c t s  p r e f e r r e d  motion t o  no-motion condi t i 'ons  and used 
s i g n i f i c a n t l y  smaller c o n t r o l  i n p u t s  when motion cues  were inc luded  i n  t h e  
s imula t ion .  

4 .  The response c h a r a c t e r i s t i c s  of  t h e  v i s u a l  and motion system employed 
i n  t h e  c u r r e n t  s tudy  are w e l l  matched. However, p i l o t  performance could  be 
improved by adding a de lay  o f  2 u n i t s  (62.5 msec) t o  t h e  v i s u a l  system. The 
r e s u l t i n g  improvement i,n t r a c k i n g  performance d i d  n o t  occur  f o r  a l l  s u b j e c t s .  
When t h e  t o t a l  d i f f e r e n c e  (added de lay  p l u s  2 u n i t s  for visual-motion mismatch) 
between t h e  v i s u a l  de l ay  and t h e  motion de lay  exceeded about  6 u n i t s  (187 msec), 
t h e  s u b j e c t s  tended t o  become nausea ted .  

Langley Research Center 
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Wampton, VA 23665 
November 26, 1976 
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APPENDIX 

EQUATIONS OF MOTION 

The l i n e a r i z e d  equa t ions  used i n  t h i s  s tudy  f o r  t h e  pursu ing  a i rc raf t  are 
w r i t t e n  about t h e  a i rcraf t  body axes and are: 

ax = o (AI 1 

(A21 

( A 3 1  

(A41 

( A 5 1  

( A 6  

ay  = YBBVX,,  

az = -(Lola + Lo)v,,o 

B = Lpp + L@ + L r r  + L6,6a 

4 = M ~ C X  + Mqq + M6e6e 

E = N r r  + NBB + NPp + N6,6, 

I n  equa t ions  (A21 and (A31 

B = sin-1 V 
V 

and 

u = R I V x  + R2Vy + R3VZ 

V = mlV, + m2Vy + m3Vz 

w = nlV, + n2Vy + n3Vz 

Aircraft o r i e n t a t i o n  and v e l o c i t y  re la t ive  t o  i ne r t i a  are r e q u i r e d  t o  gen- 
erate t h e  proper  p o s i t i o n  o f  t h e  target r e l a t ive  t o  t h e  pursuer  ( f o r  d i s p l a y  
pu rposes ) .  The o r i e n t a t i o n  o f  t h e  pursuer  i n  space  is s p e c i f i e d  by Eu le r  
a n g l e s .  These a n g l e s  are determined from body angu la r  rates by 

4 = p + q s i n  4 t a n  0 + r cos  4 t a n  0 

6 = q cos  4 - r s i n  4 
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APPENDIX 

1 i = (r cos  4 + q s i n  e)- 
COS e 

I n e r t i a l  a c c e l e r a t i o n s  are g iven  by 

1 x  V, = R a + mlay + nlaZ 

iY = k 2 a X  + m2ay + n2aZ 

CZ = R a + m3ay + n3aZ + g 3 x  
D i r e c t i o n  c o s i n e s  a r e . d e f i n e d  as fo l lows:  

= cos J, c o s  e 

k 2  = s i n  JI cos  e 

k 3  = - s i n  0 

m., = . c o s  J, s i n  e s i n  4 - s i n  J, cos 4 

m2 s i n  J, s i n  e s i n  4 + cos J, cos  4 

m3 = cos  e s i n  4 

n1 = cos J, s i n  e cos  4 + s i n  J, s i n  4 

n2 = s i n  J, s i n  e cos  4 - cos J, s i n  4 

"3 = cos cos @ 

I n i t i a l  c o n d i t i o n s  were 
and 

V x , o  = 304.8 m/sec; v y , o  = v z , o  = 0; J , ~  = e o  = $ o  = 0; 
p, = qo = ro - - 0. 
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TABLE 11.- MOTION-BASE D R I V E  EQUATIONS AND G A I N  VALUES USED 

[ A l t e r n a t e  pure  angular  motion case can be  obtained 
with a l l  g a i n s  set  t o  z e r o  except  KO = 0.15, 
K 8  = 0.50 ,  and K11 = 0.0751 

( b )  Gain v a l u e s  

Motion cases 
- 

F u l l  motion 
- 

0.15 
.50 
.322 
.Ol 

1 .oo 

1 . I 3 4  
.67 

0 
1 . o  

0 

32.2 

. I 5  

. I 5  

.a07 

. I 5  
2.02 
2.01 

.I333 

.007 
- - .- 

No heave 

0.15 
.50 

.Ol 
1 -00  

1.134 
.67 

0 
1 . o  

0 

.322 

32.2 

. I 5  

. I 5  

.007 
0 
0 
0 
0 
0 

Pure a n g u l a r  

0.15 
.50 
.322 
.Ol 

0 
0 
0 
0 
0 
1 . o  
0 
0 
0 
0 
0 
0 
0 
0 

.15 

aHardware compensation parameters .  
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8 . 4 5 2  
6.812 
8.062 
7.410 
5.505 
6.593 
5.392 
7.361 
6.294 
5 .855  

6.024 7.044 7.163 7 .54 '  
7.012 7.087 7.900 8.656 
6.427 7 .651  8 .67b  8.531 
6.492 7.115 13.350 9.034 
6.487 6.258 7.269 6.962 
6.035 7.675 6.026 5.877 
7.220 8.562 8.443 7.306 
7.498 5.810 7.507 7.306 
8 .014  11.939 6.453 6.52: 
7.520 6.309 7.199 8.605 

Good airplane - full motion 

9.568 8.608 
8.181 8.903 
6.925 7.602 
7.602 8.708 
8.760 6.465 
7.276 9.083 
8.476 7.480 

10.375 10.335 
8.196 9.418 
8.547 6.468 
7.678 8 .193  
9.327 9.147 
7.757 8.092 
7 .443  9.309 

Basic airplane - full motion 

3.856 
0.866 
0 .342  
8.595 
8.394 
7 .903  
7.279 
9.946 
9.720 
9.050 

9.595 
1.869 
3.89 

9.604 9.653 
9.485 11.485 
9.894 9.860 

1 1  .189 8.629 
14.624 12.524 
8.809 11.384 
8.888 10.214 

15.222 11.585 
8.970 10.266 
9.360 11.771 

10.605 10.738 
2 .380  1.195 

b5.40 b5.61 

5.752 
8.111 
7.239 

8.111 
8.089 
8.303 

6.322 
6.245 
5.867 
5.428 
5.285 
6.117 
6.184 
6.242 
7.044 
6.517 

6.128 
.507 

1 .01  
3.00 

5.697 
6.861 
6.550 
5.806 
5.270 
5.499 
5.938 
4.703 
6.035 
1.007 

5.931 
,716 

1.40 
b3 .08  

7 .004  8.217 
6.764 7.148 
6.733 8.236 
5.297 7.714 
6.069 11.421 
6.130 10.144 
6.709 8.220 
6.608 8.501 
7 .693  7.958 
8.915 7.724 

6.192 8.529 

7.977 
10.394 
10.147 
8.498 

13.219 
6.837 
7.928 
9.991 
7 .443  
9.824 

9.286 

7 .861  
7.254 
6.215 
6.654 
5.051 
6.507 
6.611 
6.035 
6.251 
5.791 

6.427 

6.806 7.111 
6.379 7.061 
7.105 6.661 
7.081 5.961 
5.901 6.951 
5.566 6.13( 
6 .779  5.811 
7.132 7.561 
8.867 9.33t 
7.093 5.711 

6.871 6.83; 

6.242 
6.072 
7 .132  
7.647 
5.816 
4.813 
5.136 
5.374 
6 .404  
5.901 

----- 
----- 
----- 
----- 
----- 
----- 
----- 
----- 
----- 
----- 

6.069 
5.907 
5.733 
5.230 
5.364 

6.904 9.095 
6.011 5.358 
5.316 6.615 
6.224 6.075 
6.212 7.916 

5.952 
,712 

ontrol 
.27 

1.83 

6.054 ----- 5.962 6.375 7.348 
.868 ----- ,505 .754 b1.297 
.26 ----- .03 1.09 3.59 

1 .67  ----- b2.80 b2.26 .55 
2.08 ----- b2.38  b4.59 b2.65 

lirplane-motion- 
delay 

4 

0.36 

Replicates Error 

9 171 

0.98 

TABLE 111.- SUMMARY OF DATA FOR AIRPLANE-MOTION-DELAY INTERACTION WITH SUBJECT A 

[t-tests performed treatinq each factor separately] 

(a) Total error 

Total error in peters f o r  units 
of tine delaya of - 

0 1 4  1 6 1 8  1 1 2 1 1 6  

Good airplane - no motion 

Total error in meters for  units 
of tine delaya of - 

Basic airplane - no motion 
6.785 
7.138 
6.087 
6 .008  
4.901 
5.319 
5.270 
4.386 
5.453 
7.154 

7.608 7.572 8.224 8.634 
1 .276  1 .266  1.104 2.020 

.91 1 .84 1 1.82 162.77 

5.850 
,951 

ontrol 
' 3 .10  

__ 
7.446 
7.175 

7.330 
5.276 
5.666 
6.215 
7.337 
7.772 
5.718 

6.187 

6.632 
5.855 
5.806 
7.135 
5.919 
4.874 
5.904 
5.404 
6.767 
5.218 /:. + Bh 1 6.612 

,896 
t(time delay) Control 
t (motion) .76 

- , 8 8 8 '  1 . 0 s .  

2.45 b3.01 b2.94 
:i;21 .54 1 .46 

,978  b1.282 b1.920 

b 4 : Z  Ib;::: 1 7::; 
nteraction Airplane 1 I Motion Time Airplane 

delay motion 
Lirplane- 
de lay 

4 

b3. 00 

lotion- 
delay 

4 

b4.37 E 1 '8:.05 1 b4:.80 1 '2:.38 1 '3193 

aEach unit of time delay equals 0.03125 sec. 
bSignificant difference at 5 percent level. 
CANOV denotes analysis of variance. 
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TABLE 111.- Continued 

Basic  airplane 

( b )  V e r t i c a l  error  

- f u l l  motion 

__ 
Vert ica l  error i n  meters for 

u n i t s  of  time delaya of - 
4 1 6  1 8  1 1 2 1 1 6  

3ood airplane  - n o  motion . ~~ 

5.029 
4.346 
4.069 
4.687 
5.372 
5.991 
4.765 

Vert ica l  error  i n  meteps f o r  
u n i t s  of time delaya of  - 

6.156 5.766 
5.736 6.459 
5.162 5.205 
4.533 6.161 
6.256 4.951 
5.386 6.215 
5.313 5.236 

G 

5.403 4 308 
4.3801 4:964 

4.813 
4.b29 

5.571 4.632 7.686 6.823 
5.393 5.299 5.891 6.524 
6.265 7.130 5.894 6.972 
5.567 6.104 5.554 9.715 

5.871 
6.415 
9.927 
6.351 

6.927 
6.534 
8.838 
7.165 
7.317 
6.999 
6.091 
7.C84l 4.640 3.509 

4.868, 5.132 
,848 
1.04 

4.237 

5.360 
,748 
1.59 

5.547 
,774 

2.00 

6.082 
1.051 

b3.24 

4.404 
4.313 
4.761 
4.708 
3.866 
3.787 
4.396 
4.185 
4.054 
3.923 

5.827 
4.268 
4.697 
3.887 
4.691 
5.193 
4.285 
3.771 
4.835 
4.527 

4.408 
3.871 
5.275 

_ _ _ _ _ _  _ _ _ _ _ _  
------ 

3.731 
3.828 
4.784 
4.818 
4.834 

4.433 3.845 6.544 
4.200 4.451 4.953 
5.450 4.427 5.219 
6.973 4.617 4.729 
4.762 5.078 5.519 

3.557 
4.044 
3.881 
4.235 
3.831 

------I 
------ 
_ _ _ _ _ _ I  

_--___I 
-_ - -__ I  

4.134 
,500 

:ontrol 

4.2901- - - _ _ _ I  4.240: 4.598/ 5.129 
.639'__--__ .338 I ,609 ,866 
.57 I - - - - - -  .38 I 1.68 b3.61 

4.492 
,574 
.26 

3.55 

4.937 4.668 5.541 
,806 ,667 .6%6 
1.80 . 0 7  :3.89 
b2.74 b4.90 3.76 

Motion T i m e  
delay 

L1 

'28.40 

Airplane- 
motion 

1 

b35.28 

0 

3.632 
3.705 
4.092 
3.954 
3.561 
3.807 
3.620 
3.637 
4.063 
4.112 

3.818 
,217 

:ontrO 
'4.46 

Basic  a i 6 p  me - no motion I 
7.2181 7.021110.3211 4.936 

4.767 
4.050 
5.130 
3.970 
5.221 

4.054 
4.359 
4.901 

4.679 
.570 

ontrol  

4 .  a05 

4.543 
4.659 
4.425 
4.794 
4.034 
3.911 
4.596 
4.520 
4.516 
4.172 

4.417 
,285 

o n t r o l  
1.01 

4.401 
4.108 
4.271 
4.221 
3.341 
4.185 
3.889 
3.774 
4.212 
4.440 

4.878 
5.181 
5.536 
5.435 
4.712 
4.499 
4.955 
4.955 
4.275 
5.975 

4.206 
4.186 
4.507 
4.326 
4.473 
4.954 
3.762 
4.543 
5.951 
4.688 

4.448 
4.550 
5.572 
5.468 
4.466 
4.050 
5.232 
4.246 
4.468 
4.842 

3.529 
3.872 
3.823 
4.495 
4.483 
3.735 
4.669 
4.163 
4 .484  
4.228 4.257 6 082 5 675 1 .  1 .  I I - -  

7.1541 7.050 
1.437 758 
b5.7i lb5:47 

6.006 
1.471 
b4.44 t (  time delay  

t (a irp1ane)  

f u l l  motion __ 
5.385 
6.236 

5.724 
6.499 
7.495 
5.886 
6.211 
5.028 
4.766 
5.664 
4.524 
6.742 

5.854 
,926 

4.97 
2 27 

- 

Motion- 
de lay 

4 

b 4 .  02 

4.295 
3.546 
4.076 
4.720 
3.764 

4.297 
4.142 
5.100 

3.526 

3.878 

4.288 3 666 4 082 
3.9421 3:6171 ::I126 

6.080 
3.741 
4.812 
4.446 
5.394 

1.9321 7.4291 4.685 

Airplane- 
delay 

4 

b3. 36 

Airplane-motion- 
d e  lay 

4 

0.94 

Repl icates  

9 -  
1.52 

Error 

- .~ 
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TABLE 111.- Continued 

( c )  H o r i z o n t a l  e r r o r  

12 1 16 

3.015 3.391 
3.132 4 .199 
2.537 2.935 
3.370 2 .096 
4.218 3.687 
4.909 4 .218 
2 .938 2.897 
2.473 4 .586 
5.295 4.175 
2.620 4.695 

3 .451 3.668 
1.009 ,844 

'3.21 b3.88 

2.633 2.252 

2.195 3.254 
2.251, 2 .612 
4.794 7.007 
3.599 1.809 
j . 2 6 8  3.163 
3.281 4.327 
3 . 2 2 9 '  2.924 
2 .206/  3 .082 

2 . 9 5 6 l  ,8531 3 . 4 3 2  1.452 

'2.32 b3.78 

2.102 3.894 

1 ' 0 2  I .40 

H o r i z o n t a l  e r r o r  i n  meters f o r  
u n i t s  of time de laya  of - r- 

2.839 
2 .902 
3.148 

1.785 
2 .720 
4.801 

2.849 

Horizonta l  e r r o r  i n  meters for  
u n i t s  o f  time de laya  o f  - 

2.716 2.661 
3.350 3.476 
3.104 2.996 

2.804 2.251 
1.977 1.379 
3.211 2.351 

7 .882 3.599 

8 I 12 I 16 

1.327 3 .260 
5 .987 '  1.984 
1.622 2 .357 

2.9981 3.264 
1.4341 1.699 
1.97 ! b 2 . 5 2  

.02 1 .30 

2.351 
2.249 
2.269 

2 .558 
,656 

1.15 
b3.26 

3.154 
3.921 
1.995 
2 .055 
1.341 
1.513 
1.649 

,749 
1.391 
3.043 

2.083 
,988 

:on t ro l  
.77 

~. 

4.053 
2.705 
3.790 
3 .189 
2.164 
2.408 
1.504 

2.082 
1.416 

2.690 
,935 

1.34 
,011 

3.585 

1.748 
1.867 
2.033 
1.665 
1.758 
1.829 

1.645 
1.787 
2.427 
1.608 
1.689 
1.832 

2.633 
2.788 
1.764 
2.536 

2.240 
2.311 
2.769 
1.935 

2 .016 
,338 
.55  
.86 

2.262 
1.273 
1.427 
1.546 

1.750 

1.36 
b2.98 

,355 

__-_- 
----- 
_ _ _ _ _  
----- 
___-- 
_ _ _ _ -  
__--- 
_ _ _ _ -  
_ _ _ _ -  

1.512 1.725 1.616 
1.549 1.545 2.005 
1.176 1.390 1.629 
1.442 1.684 2 .521 

1.723 1.777 2 .208 
,332 .433 ,501 
.50 .21 b2 .10  

b2.74 b2.68 1.45 
1.94 Ib3 .90  b2 .51  

R e p l i c a t e s  

9 

0.68 

E r r o r  

171 

8 

I 

3.535 
4.257 
2.656 
2.704 
2.501 
2 .348 
1.861 
3.232 
3.394 
3 .376 

2.986 
.699 

1.91 

: O  I Ir l 6  5 

I moti 

3 . 3 i a  
2.044 
1.636 
2.894 
2.018 
1.990 
3.368 
5 .804 
1.444 
2 .746 

2.746 
1.256 
1.24 

Good a i r p l a n e  B a s i c  a i r p l a n e  - 

2.049 2.174 1.764 2.398 2.982 
1.639 1.390 3.070 2.549 2.284 
1.782 2.738 2.505 1.509 3.062 
2 .890 2.097 1.888 2.869 2.189 
2.432 3.537 3.163 2.243 2.246 
3 .531 1.938 1 .378 2.162 3.256 
2.871 1.732 3.030 1.600 2.498 
2 .596 1 .782 2.104 1.129 2.209 

2.304 2.227 2 .476 2.174 2.678 

2.385 
2.745 
2.546 
2 .704 

3.436 
3.477 
2.886 

2.804 

1.58 
.378 

B a s i c  e i r p l a n c  - f u i l  motion I Good a i r p l a n e  - f u l l  motion 

1.770 
1 .952 
1.574 
1.729 
1.406 
2.284 
2.257 
2 .183 
3.077 
3 .040 

2.127 
.570 
.21 

1.92 

L 
2.061 
2.307 
1.819 
1 .321 
2.702 
1.697 
1.622 
2.115 
2.362 

.954 

1.896 
.522 
.91  

1 .gb 

2.111 2.391 
1.865 
1.692 
2.197 
2.198 
1.836 

2.337 
2 .309 
1.731 
2.417 

1.835 
2 .201 
1.858 
2 .120 

1.268 
2.426 

2.155 1.546 
1.349 1.255 
1.608 1.092 2.185 2 952 

1.351 121349 
1.514 I 4.049 

1.263 1.493 
1.666 1 2.170 

1.406 1 2 . 2 5 8  1.340 I 2 .069 

,449 .397 
1.81a i 1.764 1,841 1 2 . 3 7 9  

.89 

1 2.195 
.6b4 

:on t ro l  .26 
.67 b2.89 

2.05 b2.46 
t (mo t ion 1 

wl Airp:ane I , Motion 

d . 0 . f .  

Time 
d e l a y  

Airplane-  Motion- 
d e l a y  1 d e l a y  

Airplane 
motion 

Airplane-motion- 
d e l a y  

4 

0.35 

- I 
4 :  1 4 I 4  

! 
b6.26 j bq.10 1.88 1 b2 .49  

r 
I A N O V '  F ' b20.12 I b23.77 ' 1  

aEach u n i t  of time d e l a y  e q u a l s  0,03125 sec. 
b S i g n i f i c a n t  d i f f e r e n c e  a t  5 p e r c e n t  l e v e l .  
=ANOV denotes  a n a l y s i s  of v a r i a n c e .  
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TABLE 111.- Continued 

2.518 
,615 

:ontrol 

(d) Aileron deflection 

2.228 2.484 2.186 2.653 2.324 2 .735  
.572 ,533 .363 ,626 .471 ,448 

1.10 .13 1 .25  .51 .73 .82  t(time dela) 
t(airp1ane) 

1 .213  
1.977 
2.608 
2.708 
1.290' 

1.685 
.568 

:ontrol 
'3.61 

6a 

t(time delay 
t(motion) 
t(airp1ane) 

0 

1.812 1.357 1.929 
2.017 1.611 1.769 
2.383 2.536 1.215 
2.350 1.162 1.386 
1.487 1.539 1.412 

1.810 1 .582  1 .597  
,377 .386 .221 
.60 ,119 . 4 2  

1 .93  b4.33 b4.38 

Aileron deflection ( x  l o2 )  radians, 
for units of time delay' of - 

d.0.f. 

ANOVC F I b12.23 

Motion Time Airplane- 
delay motion 

1 4 1 

b104.18 b4.30 2 .23  

1.328 1.369 1.531 1.684 
1.563 I 1.'6321 1.6381 1.462 
1.441 1.746 1.814 1.899 

Airplane- 
delay 

4 

1.41 

1.618 1.321 1.297 1.600 
1.108 I 1.9261 1.3311 1.560 

Motion- 
delay 

4 

0 . 3 8  

. . . .  

/ I  Aileron deflection ( "  l o2 )  r a d i a n L 1  
for units of time delay' of - 

II Good airnlane - no motion 1 
1.901 3.379 2.481 3.084 
3.036 2.371' 3 .541 2.419 
2.922 3.016 2.123 2.946 
2.055 2.561 2.539 2.340 
2.229 3.226 2.684 2.350 
1.815 3.626 2.904 2.643 
2.163 2.319 2.293 4.530 
1.905 3.548 2.859 1.566 
1.738 3.187 3.391 4.589 
2.900 I 1.824 3.429 2.049 

2.556 2.811 
2.824 3.605 
5.512 4.328 
2.213 2.929 
1.480 1.814 
2.214 1.758 
3.118 1.758 
1.865 2.416 
2.925 1.633 

3.047 3.391 2.266 2 .901  2 .825  2.852 2 .825  2.596 
1.99 .7801 b3.29 Control ,497 I 1.77 1.54 ,4951 1.62 :;;I 1 : ; ; ~ i  1.54 :;d 

1.01 b2.10 

1.417 1.640 1.951 2.281 
1.844 1.849 2.253 2.634 
3.002 1.575 2.826 2.404 
2.955 1.449 2.516 1.793 
1.752 .982 3 .070  1.184 

I /  

.94 

)od ai 

1.764 
1.840 
1.357 
1.626 
1.478 
1.754 
1.169 
1.441 
1.504 
1.424 

1.536 
,209 
.22 

6.85 
1.60 

----- 1.352 1.910 2.111 
----- 1.969 1.547 1.764 

1.522 1.878 1.822 
1.630 1.131 1.557 
1.932 2.009 2.119 
1.389 1.895 1.916 
1.376 1.891 1.627 
1.214 1.885 1.692 

----- 

lane - f u l l  motion 

_ _ _ _ _  
__-__ 

_ _ _ _ _  
_ _ _ _ _  

1.774 1.663 2.410 
_ _ _ _ _  
_ _ _ _ _  

I .7 

Airplane-motion- 
de lay 

4 

0.84 0 .57  

aEach unit of time delay equals 0.03125 sec. 
bSi@-,ificant difference at 5 percent level. 
cANOV denotes analysis of variance. 
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TABLE 111.- Concluded 

( e )  Elevator d e f l e c t i o n  

de 
t ( t i m e  delay)  
t (a irplane)  

0 
~ 

0.843 
.996 
.975 
.E83 
.749 
.908 
.980 
.771 

. .E52 
1.066 

0.902 
.lo2 

Control 

0.525 
,566 
,535 
.712 
,601 
,568 
.603 
.675 1 .bo4 
.454 , I 0.584 
.074 

1 $e 

t( a irplane)  

- 
1 

~ 

I 

1.060 
1.090 
.E54 
.736 
.955 
1.146 
.743 
.630 
.514 
.601 

0.833 
.223 
.70 

- 
0.528 
.623 
,681 
.574 
,634 
.643 
.552 
.630 
,542 
.438 

0.585 
.072 
.01 

3.36 

Elevator d e f l e c t i o n  ( x  lo2) radians ,  
for  u n i t s  o f  time delay' o f  - 

Basic  a irplane  - no motion 

1.074 
1.159 
.734 
.948 
1.099 
.983 
.926 
.728 
1.024 

.484 

0.916 
.208 
.14 

Bas1 

0.543 
.586 
.624 
.592 
.678 
.bo8 
.529 
.bo9 
.484 
.517 

0.577 
.058 
.25 

l4.95 

1.253 1.288 1.341 
1.132 .986 1.339 
,925 .928 .946 
1.090 1.105 1.003 
.958 1.091 1.116 
1.252 1.118 1.149 
.505 .675 .E10 
.724 .945 .967 
.782 1.140 ,776 
.562 .723 1.050 

0.924 1.000 1.050 

.2601 .22 l:;zl 1 1.49 ,193 

1.297 0.766 
1.243 ,853 
1.186 .954 
.900 . .905 
1.080 1.056 
.967 1.262 
.736 .572 
.938 .825 
1.068 .995 
,809 .701 

1.022 0.889 

1 : 2 q  :r 
airplane  - f u l l  motion 

0.529 0.632 0.596 0.583 
.612 .634 .611 .580 
.639 .651 .665 .644 
.670 .725 .706 .622 
.659 .712 .788 .782 
.Ob4 .649 .722 .664 
.657 .609 .560 .636 
.574 .665 ,594 .712 
.521 .694 .665 .684 
.522 .553 ,545 .684 

1.599 0.653 0.646 0.659 
.Ob9 .051 .077 .Ob1 
.55 2.39 2.15 b2.63 
3.83 6.41 3.26 b5.54 

'm Airplane I Motion I ;:my I Airplane- 
motion 

aEach u n i t  of time delay  equals  0.03125 sec. 
bSigni f icant  d i f f e r e n c e  a t  5 percent l e v e l .  
cANOV denotes a n a l y s i s  of variance. 

0.710 
.632 
.599 
.626 
.722 
.592 
.585 
,606 
.596 
.566 

0.623 
.052 
1.37 
'4.22 

- 

Elevator d e f l e c t i o n  ( X  10') radians ,  
f o r  u n i t s  of  t ime delay' of - 11 

Good a irplane  - no motion 1 

.635 .782 

.6581 .i381 .75il .5721 
.a451 .683 .558 .495 .640 1.038 

0.64610.631 I 0.657 0.7221 0.7701 
1.32 -0511 1.01 .Os81 1.56 .I231 b2.96 .1231 L3.98 .I491 

b5.22 b2.30 3.10 b5. 68 

Good a irplane  - f u l l  motion 

.642 

.610 

.600 

0.433 _____  0.387 0.526 0.487 
.396 _____  .465 ,514 .500 
.486 ____- .439 ,421 .509 
.471 _____  .427 .497 .552 
.421 ____- .552 ,488 .536 
,409 _____  .458 ,525 .461 
.403 ----- .454 .493 .502 
.408 ----- ,440 ,551 .525 
.465 ----- .430 .543 ,522 
.388 ---- - .482 .531 .59_6 

.0351 .43 ----- -----I :;Jj 1 L4.01 .Oil1 L4.53 ,0371 

'10.87 ----- b4.96 b5.33 b5.19 
112.20 ----- b8.58 5.73 3.87 

Motion- Airplane-motion- Repl icates  Error 1 1 delay  I delay  

4 1 4 1 . 4  1 9  1 1 7 1  

b5.75 I 1.00 1 0.115 I 0.90 I 
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TABLE 1V.- SUMMARY OF DATA FOR "BAD" AIRPLANE WITH SUBJECT A 

[t-tests performed t r e a t i n g  each f a c t o r  s e p a r a t e l y ]  

- 
EV + Zh - 
U 

t (  time 
de lay )  

t (motion) 

( a )  T o t a l  e r r o r  

6.110 
.755 

Con t ro l  
~. 

I T o t a l  e r r o r  i n  meters for u n i t s  of  time delaya of - 

I Bad a i r p l a n e  - f u l l  motion 

6.491 
5.904 
5.573 
6.487 
7.250 
5.253 
4.926 
6.887 
6.494 
5.684 

Bad a i r p l a n e  - no motion 

9.168 
7.819 
9.587 

12.002 
8.086 

10.518 
6.247 
7.038 
8.130 
7.494 

8.554 
1.727 

Cont ro l  

b4.94 

8.305 
7.950 

13.210 
8.133 
6.674 
7.157 
8.697 
6.378 
8.764 
7.033 

8.230 
1.936 

.28 

12.882 
20.620 
18.225 
10.398 
11 3 1 1  
7.414 
9.496 
7.143 
8.463 
8.366 

11.432 
4.598 

b2.11 
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TABLE I V .  - Continued 

(b) Vertical e r r o r  

I-- 

t (time 
de lay )  

t ( mot i o n  1 

~- . 

Vertical e r r o r  i n  meters f o r  u n i t s  o f  time de laya  of - 
0 

Bad a i r p l a n e  - f u l l  motion 

5.128 
4.906 
4.679 
5.151 
5.895 
4.130 
4.206 
5.146 
4.278 
4.871 

? - 839 
.542 

~~ 

- 

. .  ___ .. . . 

Control  

O I I 8.. 
Bad a i r p l a n e  - no motion 

~~ 

6.580 
6.214 
7.423 
6.560 
5.187 
7 - 823 
4.885 
5.111 
4.996 
5.722 

6.050 
1.043 

Control  

b3.81 
I 

aEach u n i t  of time d e l a y  e q u a l s  0.03125 sec. 
bSta t i s t ica l  s i g n i f i c a n c e  a t  5 percen t  l e v e l .  

. -  

5.316 
5.441 
8.399 
6.408 
5.202 
5 - 423 
6.207 
5.221 
6.519 
5.748 

5.988 
.980 
.09 

~ 

8.086 
12.199 
11.678 
7.592 
8.240 
5.163 
7.868 
5.599 
6.608 
6.505 

7.954 

. .  . 

2.342 
b2. 69 
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TABLE 1V.- Continued 

- 
E h  

t (time 
de lay )  

t (mot i o n  1 

- 
U 

( c >  Hor i zon ta l  error - r‘ 

Hor izon ta l  e r r o r  i n  meters f o r  u n i t s  of time delaya of  - 

Bad a i r p l a n e  - f u l l  motion 

1.364 
.998 
.894 

1.488 
1.355 
1.123 

.720 
1.741 
2.216 

.813 

1.271 
.463 

Cont ro l  

Bad a i r p l a n e  - no motion 

2.588 
1.604 
2.164 
5.443 
2.899 
2.695 
1.362 
1.926 
3.134 
1.771 

2.558 
1.169 

Control 

b4. 28 

~ ~~ 

2.987 
2.509 
4.811 
1.725 
1.472 
1.734 
2.491 
1.157 
2.245 
1.285 

2.242 
1.080 

.04 

4.796 
8.421 
6.547 
2.806 
3.072 
2.251 
1.629 
1.544 
1.856 
1.861 

3.478 
2.360 
1.25 

aEach u n i t  of time de lay  e q u a l s  0.03125 sec . 
b S i g n i f i c a n t  d i f f e r e n c e  a t  5 pe rcen t  l e v e l .  
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TABLE 1V.- Continued 

( d )  A i l e ron  d e f l e c t i o n  

t ( time 
d e l a y )  

. -  

Aileron  d e f l e c t i o n  ( x IO2), r a d i a n s ,  f o r  
u n i t s  o f  time delaya o f  - 

0 

Bad a i r p l a n e  - f u l l  motion 

0.449 
-528 
.484 
.530 
.583 
.45 1 
.648 
.660 
.844 
-684 

0.586 
.124 

Cont ro l  I 1 t (mot ion1  

Bad a i r p l a n e  - no motion 
.. .. . 

1.390 
1.227 
1.539 
1.532 
1.803 
1.195 
1.644 
1.388 
1.240 
1.356 

1 A31 
.I97 

Contro l  

b6.09 

1.205 
1.270 
1.842 
1.669 
1.425 
1.088 
1.649 
1.063 
1.715 
1.134 

1.406 
-292 
.20 

1.296 
1.963 
1.801 
1.686 
1.738 
1.461 
1.072 
.926 
1.261 
1.088 

1.429 

.02 

.354 

aEach u n i t  o f  time d e l a y  e q u a l s  0.03125 sec. 
b S i g n i f i c a n t  d i f f e r e n c e  a t  5 percen t  l e v e l .  
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I j e  
U 

TABLE 1V.- Concluded 

( e )  E l e v a t o r  d e f l e c t i o n  

~~ 

E l e v a t o r  d e f l e c t i o n  ( x  lo2) r a d i a n s ,  f o r  
u n i t s  of time delay' of - 

0 

Bad a i r p l a n e  - f u l l  motion 

0.148 
.185 
.172 
.153 
-142 
.164 
.154 
-172 
-209 
.236 

0.174 
.029 

~~ 

t (  time 
de lay  ) 

t ( mot i o n  ) Control  I 

I Bad a i r p l a n e  - no motion 

0.514 
- 455 
.471 
.805 
.490 
-622 
.444 
- 433 
- 379 
.391 

0.500 
.I27 

Cont ro l  

b6. 83 

0.572 
- 555 
-664 
- 51 5 
.354 
- 334 
.332 
.313 
.451 
.336 

0.443 
.I26 
.86 

0.665 
.798 
.766 
- 537 
.556 
.319 
-418 
- 277 
.427 
.326 

0.509 
.i87 
.13 

aEach u n i t  of time d e l a y  e q u a l s  0.03125 sec. 
b S i g n i f i c a n t  d i f f e r e n c e  a t  5 p e r c e n t  l e v e l .  
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TABLE V . -  SUMMARY OF DATA FOR TARGET FREQUENCY EFFECTS WITH SUBJECT A 

- -  

4' 8 1 2  16 0 2 4 a 12 0 2 4 8 

[Bas ic  a i r p l a n e  wi th  f u l l  motion; 
t - t e s t s  performed t r e a t i n g  
each f a c t o r  s e p a r a t e l y ]  

7.977 5.797 6.713 7.832 
10.394 5.532 6.149 9.621 

8.498 6.873 , 6 . 3 9 3 ,  6.415 
13.219 6.643 7.617 7.335 

10.747 / 6.269 I !  6.331 6.094 

( a )  T o t a l  e r r o r  

8.644 10.008 
8.737 9.323 
7.591 8.169 
7 .316 ,  8.192 
6.226 7.831 ' 9.019 

-1 T o t a l  e r r o r  i n  meters  f o r  u n i t s  o f  t ime de laya  of  - 

8.389 

12.895 
8.167 

10.614 
8.848 
8.286 
9.706 
9.654 

~ 

9.316 

11  .a62 
9.393 

11.117 
11.253 
11.752 
12.791 
9.790 

UT 0 . 2 1 0  r a d / s e c  

5.666 5.499 5.566 6.130 10.144 
6.215 5.938 6.779 6.709 8.220 

7.772 .6 .035  8.867 7.693 7.958 
5.718 7.007 7.093 8.915 7.724 

7.337 4.703 7.132 6.608 8.501 

i o n  

d . 0 . f .  

u T  0.315 r a d / s e c  1 1  u T  0.420 rad/sec I I I  

1 

Time d e l a y  Frequency-delay R e p l i c a t e s  E r r o r  Freouency 

2 3 6 9 99 

13.654 
11.773 
13.236 

14.109 
14.468 
10.092 
12.137 
12.892 -- 7-- - --- - 

- h  

t( t ime d e l a y )  Control  1 .28  .49 .34 3.03 tb5.069 Cont ro l  .04 ib2.38 b3.11 ,b4 .951  Cont ro l  1.29 3.67 b5.75 

rv + P 6.612 5.937 6.871 6.792 8.529 9.286 6.247 6.266 7.247 7.555 8.329 8.878 9.718 11.074 12.312 

t (  t a r g e t  f requency)  I .91 .75 ' .71 ~ 1 . 4 1  ~ . 41  b5.69 b8.50 b7.90 b10.22 

.896 .716 .888 .978 b l  .282 1.920 .741 .574 1.437 .a45 .a72 1.014 1.437 b l .  179 1.637 

I I 

! A N O V C  F 1 b166.99 b17.51 I b4 .07 1 .03  I I 
aEach u n i t  of time de lay  e q u a l s  0.03125 see. 
b S i g n i f i c a n t  d i f f e r e n c e  a t  5 percent  l e v e l .  
CANOV denotes  a n a l y s i s  of v a r i a n c e .  



TAELE V . -  Continued 

( b )  V e r t i c a l  e r r o r  

0 2 4  8 

t ( t ime de lay)  
t (  t a r g e t  f requency)  

12 16 0 2 4 8 12 0 2 4 6 

V e r t i c a l  e r r o r  i n  meters  f o r  u n i t s  of- time delaya of - 

4.543 4.052 4.415 5.236 5.273 5.724 
4.659 5.074 4.514 4.812 5.046 6.499 
4.425 4.125 5.414 5.161 6.040 7.495 
4.794 4.198 4.882 3.589 5.463 5.886 
4.034 3.581 3.702 4.662 6.628 6.211 

4.596 3.677 3.828 4.451 4.953 4.766 

4.516 4.609 4.818 4.617 4.729 4 . m  

4.417 4 . 1 8 7 ~ 4 . ~  4.668 5.541 5.854 

3.911 3.666 3.731 3.845 6.544 5.028 

4.520 3.429 4.784 4.427 5.219. 5.664 

4.172 5.462 4.834 5.878 5.519 6.742 

.285 .674 .574 .667 .656 .926 
Control .78 .26 .86 mb3.86 b4.94 

5.040 
4.766 
5.233 
5.565 
5.586 

4.699 

4.504 

5.229 

b3.54 

5.275 

5.937 

5.689 

.473 
Control 

u T  = 0.315 rad/sec u T  0.420 rad/sec -.- I----- U T  = 0.210 rad/sec - - -~ 

6.495 7.120 
. 8 0 4 ,  .760 

b3.67 5.48 
b4.35 lb4.g8 

7.513 8.270 9.209 
.695 1.059 .875 

Control  1.67 b3.83 
'13.49 lbii.70 Ibll.83 

5.019 4.588 
4.684 6.124 
4.944 5.196 

5.296 6.192 
.486, 1.135 
.19 b2.79 

b3.1g lb4.26 

I n t e r a c t i o n  Frequency Time de lay  Frequency-delay 
I 

d . 0 . f .  2 I 3 6 

5.846 6.906 7.514 8.704 7.145 8.447 

5.355 5.229 6.916 7.351 7.286 7.227 
5.533 5.426 6.115 6.999 7.380 10.786 
6.256 6.277 5.571 6.403 7.958 8.978 
4.925 7.236 6.562 6.517 8.433 7.763 

6.443 6.302" 8.064 8.330 
6.063 6.9138 6.374 8.087 
5.093 7.4351, 6.820 8.447 

5.430 8.378 7.472 7.947 7.191 7.259 

4.968 6.558 -1.198 6.626 8.077 7.380 

E r r o r  ' Repl ica tes  
, 

9 I 99 1 

7.757 
8.092 
9.871 
9.170 
9.082 
9.931 
10.293 
8.376 
9.959 
9.561 

I ANOVC F b31 2.82 b20. 72 b4. 70 0.83 

8.296 
1 1  .go9 
10.065 
10.666 
9.517 
11.731 
11.432 
8.550 
10.697 
10.534 

10.341 
1.245 

b6. 39 
b13.52 

W 
W 



TABLE V . -  Continued 

( c )  H o r i z o n t a l  e r r o r  

0 

I H o r i z o n t a l  e r r o r  i n  meters  fo r  u n i t s  o f  time de laya  o f  - I 
2 4 8 12 16 0 2 4 8 12 . 0 2 4 8 

Time d e l a y  

P 

2.633 
2.788 

' 1.764 
2.536 
1.241 
1.754 
1.618 

I 2.816 
~ 3.256 
1 1.546 

Frequency-delay R e p l i c a t e s  Error 

1.832:1.836 2.284 
2.26212.952 2.257 
1.273 2.349 2.183 

d . 0 . f .  

ANOVC F 

y = 0 .210  r a d / s e c  

3.599 1.809 .758 .841 i  2.168 .936 
3.268 3.163 .866 1.026 .778 1.121 
3.281 4.327 .770 .607 .625 1.067 

2 3 6 9 99 I 
I I 

1 b55.35 b4.43 ! 1.62 1.27 
I I 

11 aT = 0.420 r a d / s e c  ' 

1 .428 1.062 1.636 2.171 1.373 
1.022 1.907 1.085 1.821 2.379 

.964 1.286 .906 2.498 3.036 

.933 1.869 1.376 1.414 1.541 
1 . 4 2 7 ' 4 . 0 4 9 ' 3 . 0 7 7  3.229 2.924 1.651 1.530 1.179 1.266 2.008 .657 1.567 1.699 1.440 
1.54612.258 3.040 2.206 3.082 , 1.209 .909 .717 1.287 1.043 .850 1.866 2.250 2.357 

7 - L  

~ 2.195 1.750 2.379 2.127 2.956 3.432 1.018 0.970 1.055 1.060 1.209 1.366 1.448 1.835 1.972 
.684 .355 .686 .570 .853 1.452 .299 .280 .437 .234 ,346 ,  .451 .425 .382 .569 

t (  time d e l a y )  Cont ro l  1.19 .49 .18 2.03 b3.30 Contro l  .33 .25 .29 1.31 Contro l  .18 b2.30 b2.97 
t ( t a r g e t  f r e q u e n c y ) ,  I I lb5 .23 b6. 70 , b5. 71 ,b4.  93 11.97 b3.68 , b2. 96 b2. 35 .72 



TABLE V . -  Continued 

( d )  Aileron d e f l e c t i o n  

0 2 4  3 12 16 0 2 4 8 12 0 2 4 8 

-~-~I~ 

1.261 1.541 1.573 
1.363 1.450 1.760 

1.165 1.120 1.536 
1.372 1.297 2.041 

1.277 1.096 1.777 

I 
d . 0 . f .  2 3 6 9 

1.328 
1.563 
1.441 
1.618 
1.108 
1.213 
1.977 
2.608 
2.708 

, 1.290 
I 

99 

t (  t i ae  de lay)  

ANOVC F 

1.531 1.732 1.758 
1.638 1.207 1.583 
1.814 1.461 1.842 
1.297 1.573 1.886 
1.337 1.723 1.424 
1.357 1.417 1.951 
1.611 1.844 2.253 
2.536 3.002 2.826 
1.162 2.955 2.516 
1.539 1.752 3.070 

b19.11 b3. 26 2.00 1.25 

2.404 
2.497 
3.099 
2.147 
2.253 
2.281 
2.634 
2.404 
1.793 
1.184 

2.468 1.394 "1.667 1.247 1.511 1.495' 0.998 
2.470 1.645 '1.941 1.708 1.303 1~200 1.591 
2.799 1.238 1.253 1.335 1.615 1.593 1.519 
2.386 1.689 1.497 1.150 1.266 1.971 1.232 
3.022 1.749 2.038 -1.367 1.347 2.111 1.038 
2.659 1.466 
2.472 1.348 
2.727 1.440 
1.477 1.288 
1.415 1.407 

1.564 1.451 
1.784 1.465 
1.152 1.555 
1.464 1.116 
1.464 1.294 

1.582 1.867 2.111 2.275 
.616 .542 .508 
.77 1 .bO '2.49 

1.582 1.369 
.282, .182 
1.'15 I .97 

.OO 1'2.89 

1.786 1.542 1.084 
1.522 1.666 1.304 
1.426 1.950 1.005 
1.062 1.666 1.332 
1.464 1.559 1.273 

1.430 1.675,' 1.238 
.26911i .209 

:;'Ii 2.07 o n t r o l  
'4.19 b3.30 2.75 

1.526 1.539 1.416 
1.185 1.495 1.303 
1.246 1.305 1.784 
1.065 1.146 1.450 
1.155 1.162 1.240 

W 
vl 
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TABLE V . -  Concluded 

( e )  E l e v a t o r  d e f l e c t i o n  

2 4  8 12 16 0 2 4 8 12 0 2 4 8 

I E l e v a t o r  d e f l e c t i o n  ( x  10 2 ’  ) ,  r a d i a n s ,  f o r  u n i t s  o f  time delaya o f  - I 

.644 .599 .642 .773 ,643 1.127 1.054 
.670 .639 .751 .712 1.075 1.045 
.748 .714 .673 .704 1.106 1.046 

I- 
O .  525 

.566 
’ .535 

.712 

.601 

.568 

.603 

.675 

.604 

.454 

0.584 - 
I t ,  

.529 

I == , _ _ , .  

d . 0 . f .  2 

ANOVC F b385. 45 

wT = 0.210 r ad / sec  w T  = 0.315 r ad / sec  /I w T  = 0.420 r a d / s e c  I I1 

> 
Time d e l a y  Frequency-delay R e p l i c a t e s  Error 

3 6 9 99 

b5. 83 1.14 0.63 

0 .632  
.634 
.651 
.725 
.712 
.649 
.609 
.665 

.622 .61Ol/ .747 

.7821 .600 1 .658 

.664 .592 . 6 3 7 ,  .679 
.640 .585 .629’ i  .820 
.712 .606 .663 ! .785 

.484 , .694 .684 .596 .514 li  .682 

.517 .553 .684 .566 .521 ’ ,783 

.978 1.044 

.983 .951 

.980 1.035 
1.047 .971 

.U‘(4 .Ob6 .U51 .Ob1 .052 .053 .071 .054 .079 .071 .Ob1 , .085 .068 .038 .065 
.52 1.32 Control  .27 Ib2.39 b2.63 1.49 .43 ,Cont ro l  .30 .31 b2.24 lb2.10 Cont ro l  .07 i I I I i b 3 . 6 4  i b5 .26  11.82 1 ~ 3 . 9 9  1 ~ 5 . 9 2  b12.07 b15.62 b13.88 b12.85 



TABLE V I . -  SUMMARY OF DATA FOR MOTION CONDITION EFFECTS WITH SUBJECT A 

[ B a s i c  a i r p l a n e ;  t - t e s t s  performed t r e a t i n g  
each f a c t o r  s e p a r a t e l y ]  

I 
ANOVC F '1 1.7 

( a )  T o t a l  e r r o r  

b26. 1 1.5 1.3 

T o t a l  e r r o r  i n  me te r s  f o r  u n i t s  o f  t i n e  de l aya  of - 
0 j 4 1  8 1 - 1 2 ] 1 6 7 4  1 8  1 1 2 1 1 6  0 1 4  1 8  1 1 2 1 1 6  0 1 4  1 8  1 1 2 1 1 6  

F u l l  motion No heave AnKular No motion 

I- 

8.092 10.250 11.159 13.411 6.511 7.971 6.559 8.245 17.270 6.684 10.375 13.856 9.604 9.653 
8.105 10.488 7.547 12.491 7.699 5.703 8.001 7.815 7.120 6.264 8.196 10.866 9.485 11.485 
8.391 9.056 10.659 11.363 6.980 8.778 9.092 7.001 6.809 6.099 8.547 10.342 9.894 9.860 
9.461 11.512 12.067 10.619 6.181 7.401 7.654 7.977 7.980 7.370 7.678 8.595 11.189 8.629 
6.340 8.309 8.742 11.363 6.873 8.281 10.153 8.373 11.442 5.752 9.327 8.394 14.624 12.524 
7.635 6.315 9.138 11.054 6.437 8.428 9.827 8.260 8.534 8.111 7.757 7.903 8.809 11.384 
8.955 8.592 8.754 12.101 6.849 7.303 9.074 10.110 8.406 7.239 7.443 7.279 8.888 10.214 
9.330 7..873 11.025 9.635 7.401 7.026 9.882 13.253 9.619 7.583 8.861 9.946 15.222 11.585 
7.818 8.251 8.772 12.003 9.254 9.104 7.178 1.035 8.315 7.230 7.556 9.720 8.970 10.266 
6.236 10.494 11.552 9.534 8.133 9.525 12.034 8.848 10.2381 7.498 6.468 9.050 9.360 11.777 

- 
8.236 9.114 9.941 11.857 7.240 7.952 8.224 9.595 10.605 10.738 

lb3.01 ll4.06 lb2.58 1.53 

,907 1.559 1.523 1.911 ,939 1.129 1.104 1.869 2.380 1.195 
1.10 ib2.38 b3.59 b6.38 Cont ro l  .85 1.72 b3.68 lb5.11 b5.31 

b2.97 jb3.36 11.76 Ib2.71 11 1.29 /b2.281b3.11 - _. 

Time de lay  Motion-delay R e p l i c a t e s  



TABLE VI .- Continued 

( b )  V e r t i c a l  e r r o r  

Time d e l a y  
- .~ 

d.0.f. 3 4 

ANOVC F b16.7 b28. 7 
j .- -i.. 

_. 

V e r t i c a l  e r r o r  i n  m e t e r s  f o r  u n i t s  o f  tiqe d e l a y a  of - I 

R e p l i c a t e s  1 Motion-delay 
- - 

12 9 

1.8 1.5 
. . 

'I No motion 

4.520 4.784 4.427 5.219 5.664 4.247 5.9575.818 6.047 6.797 5.296 4.7945.827 7.506 6.703 4.054 5.604 6.713 6.415 6.999 
4.516 4.818 4.617 4.729 4.524 5.227 4.982 5.331 5.562 6.943 5.011 4.986 4.393 5.lgb 5.408 4.359 5.089 6.297 9.927 6.091 
4.172 '1.834 5.878 5.519 6.742 6.401 5.218 6.118 6.746 5.646 4.952 6.260 6.079 6.280 7.411 4.901 4.257 5.675 6.351 7.084 

4.417 4.492 4.668 5.541 5.854 4.979 5.218 5.450 6.033 7.053 4.817 5.263 5.368 5.605 6.282 4.679 5.547 6.606 7.154 7.050 
1.81 ,774 b4.03 1.471 b5.17 1.437 b11.95 .758 

_ _ _ _ _  _ _ _ _ _ _ _ _  "; t (time Con t ro l  b3.84 b4.91 C o n t r o l  ,913 .574 .57 1.12 ,505 b2.51 .591 bl 4.93 ,631 C o n t r o l  ,323 

t ( m o t i o n 1  b2.16 b2.44 1.97 1.14 b2.28 1.54 b2.60 1.77 .15 .81 1.01 b3.55 b4.90 , 3.76 b2.27 

1.25 ,713 1.55 ,519 b2.21 ,918 b4.12 1.201 Cont ro l  ,570 
d e l a y )  

---I-" 



TARLE VI.- Continued 

t (mot ion1  

( c )  Hor i zon ta l  e r r o r  

-. -. . .~ . 

Hor izon ta l  e r r o r  i n  me te r s  f o r  u n i t s  o f  t ime de laya  of - 

1 .8b (1.36 lb3.23 11.97 Ib2.17 02 i .23 1 .31 I .89 11.92 1.02 .40 1 

0 

I 1.3 

4 

1.5 

8 I 16 

F u l l  motion 

2.633 2.391 1,770 2.633 2.252 
2.788 1.865 1.952 2.102 3.894 
1.764 1.692 1.574 2.195 1 3.254 
2.536 2.197 1.729 2.251 2.612 
1.241 2.198 1,406 4.794 7.007 
1.754 1.836 2.284 3.599 1.809 
1.618 2.952 2.257 3.268 3.163 
2.816 2.349 2.183 3.281 4.327 
3.256 4.049 3.077 3.229 2.924 
i.546 2.258 3.040 2.206 3.082 

0 1 4  1 8  I 1 2  1 1 6  

!lo heave 

4.094 2.356 4.319 4.834 6.108 
2.860 3.362 3.748 2.731 5.939 
2.014 3.101 5.603 4.193 5.314 
3.352 3.905 3.310 5.916 3.623 
1.600 2.409 1.590 3.209 5.102 
2.021 2.299 3.729 2.477 4.544 
1.436 3.527 2.272 2.736 5.821 
1.677 3.374 2.432 4.978 2.836 
3.OdO 2.836 5.164 3.211 5.059 
2.872 3.019 4.370 4.807 3.689 

-7 - _ _ _  

0 1 4 1 8 1 1 2 1 1 6  

go motion 

1.796 
2.769 

1.649 
2.702 
1.541 
2.268 
2.105 
4.244 
3.2111 

1.895 

2.765 1.914 3.199 8.422 
1.356 2.309 2.174 1.990 
3.502 3.520 1.636 1.383 
2.865 2.525 2.425 2.983 
2.694 4.654 3.047 4.595 
1.1139 4.466 2.702 2.54b 
2.257 3.566 4.315 2.281 
2.232 4.055 5.748 2.918 
4.120 2.784 1.836 2.907 
3.264 5.955 2.570 2.829 

1.749 3.156 3.535 3.015 3.391 
1.497 2.891 4.257 3.132 4.199 
2.049 2.982 2.656 2.537 2.935 
1.639 2.284 2.704 3.370 2.096 
1.782 3.062 2.501 4.218 3.687 
2.690 2.189 2.348 4.909 4.218 
3.042 2.246 1.861 2.936 2.897 
3.531 3.256 3.232 2.473 4.566 
2.871 2.498 3.394 5.295 4.175 
2.596 2.209 3.376 2.620 4.695 

_ _ _ _ ~  _ _  
Time d e l a y  Motion-delay R e p l i c a t e s  



-t= 
0 

4 6 12 16 
- .  ~. 

F u l l  motion KO heave 

TABLE V I . -  Cont inued 

0 4 8 12 16 0 4 8 12 16 

No motion Angular 

1 .732  
1.207 
1.461 

1 .328  1 
1.563 1 
1 . 4 4 1  1 

1.61d 
1.10d 
1.213 
1.977 
2.608 
2 .708  
1.290 

1.758 2.404 I 2.468 , 

1.583 1 2.497 2.470 
1.842 ' 3.099 2.799 

3.388" 1.141 1 1 . 4 0 8 ( 1 . 6 9 8 (  2.4291 4 . 6 9 8 '  2 .968 I 3.297 
2.946 1.576 1 .118  1 .167  2.3771 1.778 2.363 , 2.583 
2.759 1.232 1 .300  1 .290  1.796 1.833 2.013 2.709 

1.864 2.063 2.300 3.168 2.441 .913 ,998 1.412 1.024 1.406 2.070 1.661 
1 .765  2.138 2 .074  2.679 2.753 1 .405  1.617 2.503 1.767 3.106 2 .162  2.337 2.061 3.935 
2.2172 7 . 0 4 4 2 . i e 3  2.340 2 .313  . ~ 5 i  i . 311 : .301  2.009 1.355 1.662 1.aoo 2.579 4.280 
2.038 1.804 2.280 2.276 2.811 1.150 1.093 1.407 2.239 1.195 2.334 2.898 2.115 2.674 
1 . 8 7 8  1.532 1.030 1.849 1.032 1.209 1.546 2.301 2.452 1.686 3.644 3.267 2.685 2.341 
1.007 1.821 2.356 1.923 1 . 7 1 3  1.559 2.130 1.656 1.569 1 .953  3.233 3.552 3.208 1.897 
1.094 1.865 2.156 1.679 1 .186  1.524 1 .636  2.047 1.294 2.104 2.734 2.424 2.143 2.450 

3.460 
4.803 
3.692 
2.162 
3.178 
4.241 
2.067 
2.895 
2.910 
3.302 

1.685 1.867 2.111 2 .275  2 .389  1.818 1 . 8 6 5 2 . 2 3 6  2.354 2.336 1.256 1 . 4 1 6 1 . 7 5 1  1.896 2.111 2.518 2.653 2.135 3.047 3.391 
.568 ,616 ,542  .508 , 533  .548  , 241  .486 .497 ,781  ,258  , 3 3 5  ,477 .496 1 .053  .615 .626 ,448  .780 . I 8 8  ( 2  

t ( t i w  Cont ro l  .73 1 .72  b2.?8 b2.84 C o n t r o l  .20 1 .75  b2.24 b2!17 Con t ro l  .60 1.85 b2.39 b3 .20  Con t ro l  .45 . 73  1 .78  b2.94 

t ( m o t i c n )  .57 .01 .C.6 .30 .OO 1 .86  b2.  10 1 .62  1 .46  .77 b3.61 b3.62 b2.81 b2.98 b2.77 
d e l a y )  

- .. ~ I .  . .  .- L~ ~ -PA-. I - 

R e p l i c a t e s  r o t i o n  Time d e l a y  1 Motion-delay 
I 

d . 0 . f .  12 ! 9 

ANOVC F b34.8 b10.1 0 . 3  1.1 

_- - 
i._- . . ~. . ~__~i_ . i- 

aEach u n i t  o f  t ime de lay  e q u a l s  0 ,03125 s e c .  
b S i g n i f i c a n t  d i f f e r e n c e  a t  5 p e r c e n t  l e v e l .  
CANOV deno tes  a n a l y s i s  of v a r i a n c e .  



TABLE VI.- Concluded 

0 4 8 12 16 , 0 1 4  1 8  I 1 2  I 1 6  0 I 4 I 8 I 121 16 

0.525 
.566 
.535 
.I12 
.601 
.568 
.603 
.675 
.604 
.454 

1.232 1.730 
1.061 .947 
.761 .934 
.TO3 .919 
.948 1.227 
.957 1.254 
.875 .I80 
1.053 .690 
.740 1.000 
.807 1.001 

0.634 
.632 
.651 
.725 
.I12 
.649 
.609 
.665 
.694 
.553 , 

0.843 1.288 1.291 0.766 
.996 .986 1.243 .853 
.975 .928 1.186 .954 
.883 1.105 .900 .905 
.749 1.091 1.080 1.056 
.908 1.118 .967 1.262 
,980 .675 .I36 ,572 
.771 .945 .938 .825 
.852 1.140 1.068 .995 
1.066 I .723 .809 .701 

0.583 
.580 
.644 
.622 
.782 
.664 
.638 
.712 
.684 
.684 

- 
0.584 
.074 

be 

:(time Control 
de lay)  

t (mot ion)  

0.710 
.632 
.599 
.626 
.722 
.592 
.585 
,606 
.596 
,566 

0.653 0.659 0.623 0.596 0.678 0.664 0.785 0.914 0.956 0.669 0.652 0.794 0.914 1.048 0.902 1.000, 1.022 0.889 
.051 .Oh2 .052 .053 ,105 .014 .097 ,102 ,129 ,088 ,120 .196 .169 .295 .lo2 .191 .185 .l94 

b2.59 b2.95 1.49 .43 Control 1.10 1.36 b3.96 b4.81 IControl .20 1.49 b2.91 b4.52 Control 1.35 1.66 , .l9 

.OO 2.06 b4.61 b5.91 b6.86 b6.41 b5.54 IbU.22 b2.88 .21 1.92 b4.61 b4.70 11.83 

0.602 
.540 
.642 
,610 
.600 
,637 
,629 
.663 
,514 
.521 

Time delay  Motion-delay 

0.687 
,875 
, 664  
.569 
,592 
,571 
,704 
,628 
,835 
,654 

Repl icates  

0.583 0.615 
.515 .842 
.766 .669 
.694 .833 
.I52 .893 
.592 .I48 
.I30 .887 
.690 ,194 
.593 .702 
.664 ,865 

d . 0 . f .  3 4 

0.858 0.860 
.993 1.134 
.819 ,850 
1.030 .968 
.960 1.075 
1.018 1.162 
,929 .900 
.808 ,913 
,735 .924 
.990 ,771 

12 9 

0.850 
,714 
,617 
,571 
,657 
.667 
,606 
.629 
,778 
,604 

ANOVc F I b51.5 

0.133 0.877 
.410 .639 
,536 ,805 
.eo2 .795 
.716 1.225 
.692 .750 
.499 .525 
,579 . .I30 
,769 .641 
.730 .954 

b11.5 b5.8 b2.6 

0.771 

1.103 

1.048 
1.051 



.. . 

TABLE V I 1 . -  EFFECT OF MOTION DELAYS FOR 8 UNITS V I S U A L  DELAY WITH SUBJECT A 

(a )  T o t a l  e r r o r  

- ._  . .. - - 

e r r o r  i n  meters f o r  u n i t s  of added time delaya i n  
motion cues T~ of - 

Basic a i r p l a n e  - f u l l  motion 

5.570 
6.876 
7 - 332 
6.585 
6.556 
6.202 
6.352 
6.339 
6.932 
6.236 

6.415 
6.979 
7.284 
6.221 
5.927 
6.798 
7.779 
7.429 
5.574 
6.300 

6.616 
.708 

~~ 

8.046 
5.650 
6.724 
5.331 
6.124 
6.474 
6.241 
6.819 
6.647 
6.944 

6.500 
.750 

- 

__.__- 

6.865 
5 - 535 
7.223 
6.524 
6.696 
6.843 
7 -449 
7 -588 
6.723 
7.21 1 

6.865 
.584 

.. 

- 

6.912 7 -490 
6.203 9.334 
9.927 8.099 
7.059 7 -014 
6.650 5.916 
6.591 9.395 
8.940 6.173 
6.743 7.974 
6.942 7.262 
6.360 7.42v 

7.608 
1 . I54  

7.233 
1.211 

-. 

L.S .R .  = 0.768, 0.811, 0.838, 0.853, and 0.869 
- - - - .- 

For a n a l y s i s  of  v a r i a n c e  bF = 2.90 
-. _ _  _ _ _ _  - - - 

aEach u n i t  o f  time de lay  equa l s  0.03125 sec. 
b S t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percent  l e v e l .  

42 
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TABLE V I 1 . -  Continued 

0 1 4 1 8 ' 1 1 2  

(b) Vertical  e r r o r  

16 20 

Vertical e r r o r  i n  meters f o r  u n i t s  of  added time delaya i n  
motion cues  T, of - 

Basic a i r p l a n e  - full motion 
- 

4.083 
5.246 
5.293 , 
4.946 
5.100 
4.228 
4.764 
4.531 
5.178 
4.581 

4.795 
.429 

. -. 

4 -548 
5.266 
5.135 
4.736 
3.782 
5.375 
6.238 
5.014 
3.935 
4.678 

4.871 
.714 

5.986 
4.442 
4.651 
4.221 
4.734 
4.770 
4,. 790 
5.261 
4.284 
4.830 

4.797 
.514 

5.100 
4.040 
5.311 
4.722 
4.719 
4.730 
5.922 
5.249 
4.924 
5.307 

5.002 1 .502 

5.641 
5.01 1 
6.428 
4.483 
5.031 
4.709 
5.636 
4.374 
5.218 
4.958 

5.149 
.617 

- 

5.196 
5.364 
5.092 
5.512 
4.135 
5.546 
4.260 
5.519 
5.446 
5.133 

5.120 
.514 

For a n a l y s i s  of v a r i a n c e  F = 0.81 
.. 

aEach u n i t  of time d e l a y  e q u a l s  0.03125 sec. 
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TABLE VI1.- Continued 

( c )  Hor i zon ta l  e r r o r  

meters f o r  u n i t s  oL added time delaya i n  
motion cues  Tm of - 

1.487 
1.631 
2.039 
1.639 
1.456 
1.974 
1.588 
1.807 
1.755 
1.656 

1.703 
.192 

~~ 

Basic a i r p l a n e  - f u l l  motion 
~~~ 

1.865 
1.713 
2.149 
1.485 
2.145 
1.423 
1.541 
2.414 
1.640 
1.603 

1.798 - 334 

2.060 
1.208 
2.073 
1.110 
1.389 
1.704 
1.451 
1.559 
2.363 
2.114 

1.703 
.428 

2.165 
1.487 
1.913 
1.803 
1.978 
2.113 
2.262 
2.338 
1.799 
1.903 

1.976 
-253 

1.271 
1.193 
3.500 
2 ..575 
1.618 
1.882 
3 - 304 
2.369 
1.724 
1.403 

2.084 
.825 

L . S . R .  = 0.548, 0.577, 0.596, 0.608, and 0.619 

For a n a l y s i s  of va r i ance  bF = 3.05 

aEach u n i t  of  time d e l a y  equa l s  0.03125 see. 
'Stat is t ical  s i g n i f i c a n c e  a t  5 percent  l e v e l .  

2.295 
3.969 
3.007 
1.502 
1.781 
3 - 849 
1.913 
2.455 
1.816 
2.294 

2.488 
.859 

44 
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TABLE VI1.- Continued 

( d )  Ai le ron  d e f l e c t i o n  

Ai le ron  d e f l e c t i o n  ( x  I O 2 ) ,  r a d i a n s ,  for u n i t s  of  added 
time delaya i n  motion cues  T~ of - 

O I 4  

1.753 
1.275 
1.447 
1.013 
1.209 
1.286 
'I .002 
1.439 
1.401 
1.540 

1-336 
.231 

1.447 
1.979 
1.254 
1.514 
2.231 
1.039 

.924 
2.006 
2 .  I43 
1.388 

1.593 
.468 

Motion A ( T ~  = 8 u n i t s )  

1.415 
2.123 
1.843 
1 . I17  
4.530 
1.502 
1.261 
1.171 
2.063 
1.973 

1 .ooo 
- 375 

1.604 
1.316 
1.477 
1.312 
1.779 
1.589 
1.444 
1.392 
2 . i 1 3  
1.761 

1.579 
.250 

1.491 
1 . I32  
2 2 7 9  

.962 
1.686 
2.011 
1.941 
1.924 
1.260 

1.681 
.450 

2.123 

L . S . R .  = 0.340, 0 .358,  0 .370,  U.377, and 0.384 

For  a n a l y s i s  of  va r i ance  F = 1.17 

1.391 
2.141 
1.718 
I -518 
1.555 
1.786 
1.566 
1.784 
1.334 
1.543 

1.639 
.232 

aEach u n i t  o f  time de lay  equa l s  0.03125 sec. 
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TABLE V I 1 . -  Concluded 

( e )  E l e v a t o r  d e f l e c t i o n  

____- - - .  - -  

d e f l e c t i o n  ( x l o 2 ) ,  r a d i a n s ,  f o r  u n i t s  of  added 
time delaya i n  motion cues  T, of - 

Motion A ( T ~  = 8 u n i t s )  

0.575 

.601 

.688 

.502 

.467 

p 7 5 7 5  .064 

- 

0.682 
.620 
.506 
.637 
.601 
.593 
.618 
.688 
- 537 
.456 

0 -594 
-074 

0.665 
.734 
-606 
.559 
.498 
.552 
.555 
.611 
.622 
.547 

0.595 
.068 

- 

0.610 
.615 
.621 
.626 
.601 
.638 
* 779 
.619 
.600 
-524 

0.623 
.063 

~ . .. 

. .  

0.646 
-613 
-637 
.658 
.644 
.670 
.726 
.666 
.583 
-526 

0.637 
.054 

-~ __ _. 

. 

. .- . 

0.580 
.499 
.488 
.517 
-438 
.429 
.454 
.454 
.474 
.498 

0.483 
.044 

~- .. 

L.S.R. = 0.058, 0.061, 0.063, 0.065, and 0.066 1 
. . - __ - . _ _  - 

For a n a l y s i s  o f  v a r i a n c e  bF = 10.91 

aEach u n i t  o f  time d e l a y  equals  0.03125 sec. 
b S t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percent  l e v e l .  

_ -  - 

C 
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TABLE V I I 1 . -  SIMPLIFIED A N A L Y S I S  OF MOTION-DELAY EFFECTS U S I N G  

wn = 2.83 R A D I A N S  PER SECOND WITH SUBJECT A 

[Top v a l u e  i s  i n  m i l l i s e c o n d s ;  bottom v a l u e  i s ’ i n  deg rees ]  

= V  9 u n i t s  of 
time d e l a y  

8 

8 

8 

8 

8 

8 

‘m 9 u n i t s  of  
t i m e  d e l a y  

0 

4 

8 

12 

16 

20 

P i t c h  o r  r o l l  cue 

V i s u a l  

-297 
-48. I 

-2 97 
-48.1 

-297 
-48.1 

-297 
-48. I 

-297 
-48. I 

-297 
-48. I 

Motion 
~ 

-97 
-15.7 

-222 
-35.9 

-347 
-56.2 

-472 
-76.4 

-597 
-96 - 7  

-722 
-116.9 

Mismatch 
( a )  

+200 
+32.4 

+75 
+12.2 

-50 
-8. I 

-175 
-28.3 

-300 
-48.6 

-425 
-68.8 

Sway o r  heave cue  

V i s u a l  

-2 97 
-48. I 

-297 
-48. I 

-297 
-48.1 

~- 

-297 
-48. I 

-297 
-48. I 

-297 
-48.1 

Motion 

-140 
-22.6 

-265 
-42.8 

-390 
-63.1 

-515 
-83 - 3 

Mismatch 
( a >  

+I  57 
+22.5 

+33 
+5.3  

-93 
-1 5 

-217 
-35.2 

-123.8 -75.7 
-765 I -468 

aMotion l e a d s  v i s u a l  denoted by +; v i s u a l  l e a d s  motion denoted by -. 
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TABLE IX.- EFFECT OF VISUAL DELAYS FOR ZERO MOTION DELAY WITH SUBJECT A 

( a >  T o t a l  e r r o r  

- __ - 

T o t a l  e r r o r  i n  meters f o r  u n i t s  of added time delaya 
i n  v isua l -scene  d i s p l a y  T~ of - 

Basic a i r p l a n e  - f u l l  motion 

4.913 
4.846 
5.051 
4.246 
4.167 
4.267 
3.633 
3.609 
3.697 
3.676 
- .  

.. ~. 

3.798 
3.807 
4.051 
4.036 
4.304 
3.981 
4.255 
3.932 
3.938 
3.917 

_ _ _ ~ _  . 

. .  

3.947 
4.112 
4.282 
4.371 
4.042 
5.450 
4.145 
4.599 
3.801 
3.767 

4.253 
.491 

.. . . . -. - 

_ _  

4 - 237 
4.764 
4.417 
5.185 
5.. 084 
4.956 
4.346 
4.874 
3.914 
4.124 

4.604 
.435 

- 

10.467 
9.114 
8.379 
7.641 
7.184 

8.370 
7.391 
6.590 
7.516 

8.288 
1.. 296 

10.232 

- 

. - - - 

L.S.R. 0.631, 0.664, 0.686, and 0.701 
-. . -. . - - . - - . ~  . .. 

For a n a l y s i s  of va r i ance  bF = 81.2 
.. . ~~ ~. .~ .. _-_ ~- . . 

aEach u n i t  o f  time de lay  equa l s  0.03125 sec. 
"s ta t is t ical  s i g n i f i c a n c e  a t  5 percent  l e v e l .  
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TABLE 1X.- Continued 

(b) Vertical e r r o r  

Vertical  e r r o r  i n  meters f o r  u n i t s  o f  added time 
delaya i n  v isua l -scene  d i s p l a y  T~ of - 

Basic a i r p l a n e  - f u l l  motion 

3.722 
3.014 
3.621 
3.749 
3.325 
3.271 
3.210 
3.112 
2.962 
3.000 

.301 
3.299 

.- 

3.225 
3.161 
3.255 
3.100 
3.063 
3.222 
3.353 
3.219 
3.197 
3.149 

3.194 
.082 

3.206 
3 - 243 
3.402 
3.283 
3.200 
3.694 
3.258 
3.819 
3.200 
3.106 

3.341 
.233 

3.408 
3.676 
3.453 
3.661 
3.908 
3 : 734 
3.499 
3 - 545 
3.130 
3.213 

3.522 
.237 

L.S.R. = 0.402, 0.424, 0.439, and 0.446 

For  a n a l y s i s  o f  va r i ance  'F = 86.3 

7.852 
6.376 
6.709' 
5.480 
5.139 
7.093 
5.538 
5.681 
5.279 
5.852 

6.100 
.884 

aEach u n i t  o f  time d e l a y  equa l s  0.03125 sec. 
b S t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percent  l e v e l .  
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111 11111 I I I I 1  I I I 1  1 1 1  

. . . 

2.645 
2.735 
1.670 
2.162 
2.047 
3.139 
2.831 
1.710 
1.308 
1.664 

. .. . .. . 
I 

TABLE 1X.- Continued 
, 

( c >  Hor i zon ta l  e r r o r  
- .  

i 
_ _  .. .~ - ... -~ 

e r r o r  i n  meters f o r  u n i t s  o f  added time 
delaya i n  v isua l -scene  d i s p l a y  T~ of - 

- 2  ~ - A i ~  ~ - .- _ _  , 
l 

8~ . ... , 
Basic a i r p l a n e  - f u l l  motion 

~~ 

1.191 
.661 

1.226 
1.302 

.921 

.894 
1.059 

.521 

.647 

.696 

0.912 
- 275 

I 

~_ 

~ _ _  

0.573 
.649 
.795 
.935 

1.241 
.760 
.903 
.715 
.742 
.768 

0.808 
.186 

__ _ _ _ _  

- 

____. 

0.742 
.869 
.882 

1.087 
.841 

1.754 
.885 
.780 
.600 
.66 1 

0.910 
.326 

- __ ~ 

__ 

0.831 
1.089 
1.102 
1.524 
1.178 
1.223 

.849 
1.329 

.785 

.882 

1.082 
.241 

I L.S.R.  = 0.326, 0.341, 0.354, and 0.360 

-1 _. _ _  

_ _  _ _  
For a n a l y s i s  of v a r i a n c e  bF 31.9 

- _ _  _ _ _ _ _  ~ - - ._~__ . 

aEach u n i t  of time de lay  equa l s  0.03125 sec. 
b S t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percen t  l eve l .  
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TABLE 1X.- Continued 

2 1 4 1 8  

( d )  Ai le ron  d e f l e c t i o n  

16 

Aileron  d e f l e c t i o n  ( X  IO2), r a d i a n s ,  for u n i t s  o f  added 
t i m e  delaya i n  v isua l -scene  d i s p l a y  T~ of - 

0 

1.989 
1.657 
1.725 
1.219 
1.592 
1.285 
1.868 
1.141 
1.424 
1.451 

1.535 
.281 

Basic a i r p l a n e  - f u l l  motion 

1.375 
1.243 
1.734 
1.420 
2 - 037 
1.472 
1.968 
1 ."I4 
1.776 
1.257 

1.600 
.285 

1.154 
1.886 
1.332 
1.543 
1.938 
2.202 
1.690 
2.191 
1.576 
1.227 

1.674 
.377 

1.658 
1.670 
1.613 
1.785 
1.337 
1.770 
1.583 
1.978 
1.861 
1.970 

1.723 
.I94 

- ~~ 

1.585 
1.795 
1.929 
1.315 
1.737 
2.018 
1.546 
1.745 
1.184 
2.111 

1.697 
.296 

L.S.R. = 0.263, 0.276, 0.285, and 0.291 

For a n a l y s i s  of v a r i a n c e  F = 0.6 

aEach u n i t  of time d e l a y  e q u a l s  0.03125 sec. 
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TABLE. I X  . - Concluded 

0 

( e )  E l e v a t o r  d e f l e c t i o n  

2 - 1 4  1 8  1 1 6  

0.448 
.478 
.514 
.510 
.509 - 533 
.425 
.485 
,521 
* 343 

,O. 476 
.058 

0.485 
.487 
.599 
.506 
.540 
* 533 
.533 
.591 
.526 
.438 

0.524 
.048 

.- 

0.424 
.536 
,544 
.511 
-510 
.577 
.535 
.627 
.544 
.458 

0.526 
-057 

0.471 
.588 
.557 
,489 
.593 
.516 
* 533 
.568 
.590 
.518 

0.542 
.044 

L.S.R. = 0.050, 0.053, 0.055, and 0.056 

For a n a l y s i s  o f  va r i ance  bF = 13.8 

aEach u n i t  of t i m e  de l ay  equa l s  0.03125 sec. 
b S t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percen t  l e v e l .  

0.719 
.614 
.592 
.587 
.527 
.743 
.603 
.631 
.688 
.583 

- 

0 -629 
.068 

- 
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T 9  
u n i h  of 

time de lay  

0 

2 

4 

8 

TABLE X.- SIMPLIFIED ANALYSIS OF VISUAL-DELAY EFFECTS U S I N G  

w n  = 2.83 R A D I A N S  PER SECOND WITH SUBJECT A 

[Top v a l u e  i s  i n  m i l l i s e c o n d s ;  bottom va lue  i s  i n  'degrees] 

Tm 9 units of 
time de la j  

0 

0 

0 

0 

- 

P i t c h  o r  r o l l  cue 

Visual 

-47 
-7 .6  

-109 
-17.7 

-172 
-27 - 9 

-297 
-48. I 

Mot io1 

-97 
-15.7 

-97 
-15 - 7  

-97 
-15.7 

-97 
-15.7 

~ 

u l i  sma t c h  
( a >  

-50 
-a. 1 

+I 2 
+2.0 

+75 
+12.2 

+200 
+32.4 
- 

Sway o r  heave cue  

Vi sua l  

-47 
-7.6 

-109 
-17.7 

-1 72 
-27.9 

-297 
-48. I 

Motion 

-140 
-22.6 

-140 
-22.6 

-140 
-22.6 

~~ 

-140 
-22.6 

4 i  sma t c  h 
(a>  

-93 
-15.0 

-3 1 
-4.9 

+32 
+5.3 

+157 
+25.5 

Average 
mismatch 

( a >  

-72 
-11.6 

-9.5 
-1 .4  

+54 
+8.8 

+178.5 
+29 .O 

aMotion leads v i s u a l  denoted by +; v i s u a l  leads motion denoted by -. 
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TABLE X I . -  EFFECT OF VISUAL DELAY FOR ZERO MOTION DELAY WITH FULL MOTION A N D  BASIC AIRPLANE 

BUT WITH UT OF 0.315 RADIAN PER SECOND WITH SUBJECT A 

[ t - t e s t s  performed t reat ing:  each f a c t o r  separa te ly]  

I-- U n i t s  of added time delaya i n  visual-scene d isp lay  T V  of - 
Elevator Aileron 

def lec t ion  ( X  l o 2 )  
I Total  e r r o r  I Vert ica l  e r r o r  I Horizontal e r r o r  

def lec t ion  ( X  l o 2 )  ! i n  meters I I i n  meters i n  meters 

7..038 5.877 
6.859 5.030 ' 8.920 . 5.988 
5.318 5.687 

I 5.571 6.349 

6.501 4.485 4.708 

5.812 ' 1.130 

6.705 5.722 I 4.682 5.172 1.316 1.195 
5.743 5.689 4.388 , 4.672 ! 1.170 I .641 
6.086 7.215 5.035 5.146 1.705 .953 

radians I i n  radians ~ 

.810 1.465 
1.267 1.822 
2.073 1.382 
1.256 1.571 1 
1.534 1.772 
1.071 1.211 I 

.940 1.157 
6.353 4.548 4.801 5.175 .77i ~ .mi 1.178 1.323 
7.382 ' 4.716 I 5.225 1 6.344 .855 I 1.124 1 1.038 ' 1.410 1 

2 

1.453 
1.550 
1.166 
1.546 
1.820 
1.521 
1.829 
1.442 
1.509 
1.626 

* 1.541 .761 

1.348 .805 .759 .851 
1.764 .883 .725 .672 
1.826 .657 .669 .694 
1.633 .716 .727 .732 
1.980 .786 .648 .738 
1.657 .718 .829 .766 

, 1.707 .689 .730 .778 
1 1.264 .702 .759 .837 

Mean 6.652 5.838 6.551 ' 5.498 4.955 5.369 1 1.154 0.883 1.182 1.441 1.546 1.648 0.747 0.741 0.760 
a 1.202 .383 .565 .916 .365 .446 .325 .210 .400 .222 . r g l  .216 .066 .059 .062 
L.S.R. = .732band .770 .573 and .602 .294 and .310 ' .193 and .202 .057 and .060 
A N O V ~  F = 3.40 2.07 2.65 2 . 4 4  .38 

- 

aEach uni t  of added time delay equals  0.03125 sec .  
b S t a t i s t i c a l  s ign i f icance  a t  5 percent l e v e l .  
'ANOV denotes ana lys i s  of var iance.  



3 6 9 207 

1.6 1.7 1.32 

1.1 1.77 

TABLE X I 1  .- ANALYSIS OF V A R I A N C E  FOR FOUR PILOTS 

e r r o r  i n  meters ( a )  T o t a l  

Motior 

1 

a18.8 

Motion 

P i l o t  

3 

"98.8 

Motion Delay-motion Repl ica tes  E r r o r  
p i l o t  I p i l o t 1  

Delay 
p i l o t  

6 

a3.3 

Delay 
motion 

2 

a4.5 

delay 

l 2  I d.0 . f .  

I F  1 a35.3 

3 

a12.6 

(b) Vertical error i n  meters 

P i l o t  

3 

a i 3 5 . ~ 1  

Repl ica tes  Error 

I I I I I 
1 

a37 .4 

( c )  Horizontal  error i n  meters 

Motion P i l o t  Delay D e l a y  
notion p i l o t  

Motion Delay-motion Repl ica tes  
p i l o t  p i l o t  delay 

d .0 . f .  

I F  
I 6  
1 -  

a5.2 11.22 

(d )  Aileron d e f l e c t i o n  ( x  lo2) i n  r a d i a n s  

MotionlPilot  IDelay Delay 
p i l o t  

6 

Motior 
p i l o t  

3 

motion 

1 

p i l o t  

6 d . 0 . f .  

I F  p 1 2 .  a36. 2 0.4 

( e )  Eleva tor  d e f l e c t i o n  ( x  lo2 i n .  meters 

paZy11 T i m e  de lay  Delay-motion Repl ica tes  
p i l o t  

1 a15.4 1.5 I a3.49 1 
a s t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percent  l e v e l .  
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TABLE XII1.- STATISTICAL DATA FOR PILOT B 

[t-tests performed treating each factor separately] 

0 2 

(a) Total error 

4 6 8 12 0 2 4 6 8 12 

I Total error in meters f o r  units of time delaya of - I 

I 

\ 7.736 
12.144 
5.917 
7.476 
7.264 
5.453 I 

8.699 
7.105 
7.373 
7.936 
8.267 
7.793 

8.571 18.429 
7.647 16.024 

1 No motion 

11.010 9.526 
7.212 8.386 
8.468 12.300 

4.721 14.793 ~ 5.131 5.542 
5.039 14.638 1 6.398 7.051 

13.493 
13.661 
10.153 

16.905 
11.782 

10.229 

Full motion I 
7.144 
8.696 

5.924 
7.102 
7.784 
6.684 
5 -570 
6.254 

9.219 --- ' 6.168 6.816 

8.797 

15.302 --* 9.393 
10.421 --- ' I  6.893 
6.781 --- 1 7.957 

7.459 
8.176 
7 -497 
8.533 
7.208 
6.893 

8.793 
7 -000 
9 2 9 9  
8.357 

10.601 
8.600 

7.121 
8.573 
6.894 
7.847 
8.255 
9.205' 

7 3 5 3  
11.293 
12.444 
7.336 
8.279 
6.432 

-66 I 

- E V  + Fh 7.197 17.105 8.560 9.761 11.795 --- 7.146 7.077 7.247 7.778 8.049 8.853 
I 2.170 1.471 1.855 2.644 3.047 --- 1.054 1.084 .706 1.584 .824 1.850 

t(time 'Control .09 1 1.32 b2.49 b4.46 --- :Control .21 .18 1.13 1.62 b3.05 
delay) 

t(motion), 

- 
U 

I I I , !  -07 .05 b2.10 2.03 .b3.75 

aEach unit of time delay equals 0.03125 sec. 
bStatistical significance at 5 percent level. 



t (time 
d e l a y )  

t (mot ion )  

0 2 4 6 8 12 

TABLE XII1.- Continued 

( b )  Vertical e r r o r  

0 2 4 6 8 12 

Vertical e r r o r  i n  meters f o r  u n i t s  o f  time d e l a y a  of - 

5.033 
.928 

1 . I3  

'2.81 

5.471 
.865 

b2.25 

b2. 28 

No motion 

4.234 
6 .O33 
3.865 
4.819 
5.435 
3.662 
5.738 
5.861 
3.621 
3.567 

4.684 
1.011 

Zont ro l  

5.328 
4.403 
4.458 
5.033 
5.807 
5.126 
5.852 
4.613 
3.81 1 
3.571 

4.800 
.772 
.24 

5.880 6.447 
6.011 7.616 
5.861 5.760 
5.444 6.690 
5.914 7.173 
6.489 5.683 
5.561 7.992 
5.879 4.438 
3.730 5.267 
4.772 6.080 

6.453 --- 
8.927 --- 
6.633: --- 

3.652 
4.508 
4.075 
3.890 
4.084 
4.187 
7.039 
3.734 
6.343 
4.386 

4.589 
1 . I50 

C o n t r o l  

I 

aEach u n i t  o f  time d e l a y  e q u a l s  0.03125 sec.  
b s t a t i s t i c a l  s i g n i f i c a n c e  a t  5 p e r c e n t  l e v e l .  

3.977 
3.732 
4.275 
4.149 
4.055 
4.137 
4.302 
4.024 
4.440 
4.450 

4.154 
.222 

1 . I 1  * 

'2.55 

F u l l  motion 

4.771'  4.914 4.716 5.371 
5.229 
4.570 
4.740 
4.368 
3.751 
4.451 
4.714 
5.161 
4.384 

4.614 
.424 
.IO 

b3. 69 

4.604 5.372 6.780 
4.726 4.606 8.948 
4.948 4.339 5.562 
7.294 5.042 5.529 
5.975 6.483 
4.195 5.460 
4.395 6.524 
4.746 ' 6.810 
4.532) 5.352 

4.527 
6.217 
5.254 
5.242 
5.906 

5.934 
1.221 

b3. 43 



TABLE XII1.- Continued 

0 

( c )  Horizontal  e r r o r  

2 4 6 8 12 0 2 4 6 8 12 

Horizontal  e r r o r  i n  meters f o r  u n i t s  of time delaya of - 1 
F u l l  motion 

2.687 3.880 2.405 2.483 3.502 
6.111 
2.052 
2.657 
1.829 
1.791 

4.103 4.709 7.471 6.876 --- 
2.701 3.734 5.334 4.734 --- 
2.915 2.890 3.232 3.520 

2.460 3.384 2.630 7.726 --- 3.385 
2.903 3.437 3.619 3.156 - - - ,  1.520 

2.667 4.521 2.352 3.918 --- 2,720 

3.167 
4.965 
4.522 
1.775 
3.047 
3.647 
2 3 8 2  
1.545 
1.814 
2.366 

2.833 2.576 1.65012.703 5.286,--- 2.354 

--- 
2.923 2.698 2.745 2.674 2.919 

3.597 
2.927 
3.794 

U 1.447 .965 1.18111.863 1.813 --- .752 1.173 .714 1.064 .726 1.055 
t ( t ime Control .20 .72 1.41 b2.75 --- Control  .90 .35 .46 .05 .89 

t (motion) I .08 1.13 I .68 1.04 b2.95 
de lay )  

2.396 3.200 4.513, 
4.574 2.288 3.496 
3.409 4.005 1.774 

aEach u n i t  of  time de lay  equals  0.03125 sec. 
%ta t i s t i ca l  s i g n i f i c a n c e  a t  5 percent  l e v e l .  

2.840 3 3 0 7  
3.141 2.624 

3.669 I 2.750 
2.722'1.905 



t( t ime 
de lay )  L t (motion) 

I 8 12 

TABLE XII1.- Continued 

( d )  Aileron d e f l e c t i o n  

2.215 4 .199  4.215 
2.131 3.305 2.826 
2.872 3.062 3.303 
4.388 3.501 3.323 
2.890 4.154 3.566 
3.168 2.669 3.229 
2.224 2.790 4.204 
1.782 2.608 2.777 
3.386 2.915 3.733 

2.995 3.434 3.784 
1.011 .824 1.126 

.41 .62 1.45 

7 

Aileron d e f l e c t i o n  ( x 10 2 1, r ad ians ,  f o r  u n i t s  o f  time delaya of - 

4.051 
3.172 
3.753 
5.222 
3.455 
4.577 
3.925 
3.048 
3.887 

4.006 
.725 

1.97 

--- 
--- 
--- 
--- 
--- --- 
--- 
--- 
--- 
--- 
--- 

1 8 1  F u l l  .motion 

I .093 
I .221 
1.312 

.969 
I .013 
I .209 
I .014 

.988 

I .269 

Control 
.407 

b5. 59 

No motion 

1 .054 '  

4.806 
4.570 
2.470 
2.631 
3.587 
2.241 
4.090 
2.675 
2.456 
2.'176 

3.170 

Control 
I .003 

1.200 

1 11~ 2.300 ' 2.276' 1.318 
--- 1.571 ' 1.439 1.053 

1.315 
1.305 
1.109 

.832 
1.088 

.978 
1.436 

1.283 
.402 
.27 

b4 .  98 

1.369 
1 . I92 
1.332 

.860 
1.030 

.988 
1.172 

1.151 
.I66 
* 83 

'8.58 

1.504 
1.318 
1.558 
1.118 
1.283 

1 .I42 
1.063 
1.210 
1.309 

I .273 
.I60 
. I8  

'6.98 

1.223 

1 .I64 
1 .ooo 
1.283 
1.353 
1.149 

- 974 
.961 

1.167 
1.076 
1.289 

1.142 
.i39 
.91 

b12. 28 

1.092 
.984 

1.169 
1.180 
1.152 
1.388 
1.267 
1.527 
1.365 
1.351 

1.247 
.i62 
.31 

aEach u n i t  of  time delay equals  0.03125 see. 
b S t a t i s t i c a l  s ign i f i cance  a t  5 percent l e v e l .  



m 
0 

0 2 4 6 8 12 0 2 4 

TABLE XII1.- Concluded 

( e )  E leva to r  d e f l e c t i o n  

6 8 12 

1 1 Eleva to r  d e f l e c t i o n  ( x  10 2 ) ,  r a d i a n s ,  f o r  u n i t s  o f  time delaya of - 

NO motion 

0.902 1.104 1.312 1.452 1.269 --- 
F u l l  motion 

0.601 0.827 0.415 0.398 0..341 0.321 
1.355 .889 1.213 1.340 1.222 --- .453 .422 -325 .389 .323 .256 

.750 ,769 1.211 .930 1.096 - - - I  .290 .333 .351 .322 .375 .325 
I .83 I  .830 .968 1.101 1.245 --- .292 .299 .300 .314 

1.175 1 . 2 1 2 ~ 1 . 0 9 2 ~ 1 . 1 5 9  1.390 --- .345 .294, .338 I .284 
.333 .294 
.293 .296 



t(  time d e l a y )  
t ( t r i m )  

TABLE X 1 V . -  STATISTICAL DATA FOR PILOT B WITH 

POOR T R I M  CONDITION FROM REFERENCE l a  

[t-tests performed t r e a t i n g  each factor s e p a r a t e l y ]  

(a> T o t a l  e r r o r  

T o t a l  e r r o r  i n  meters f o r  u n i t s  o f  time de layb  o f  - 
0 

7.900 
7.870 
6.965 
7 - 736 
6.952 
7.855 
8.388 

7.666 
.527 

Cont ro l  
.67 

~~ 

1 

5.819 
6.696 
9.653 

10.717 
IO.  738 
8.132 
6.376 

8.306 
2.085 

.40 

2 

8.473 
8.446 
9.793 

I O .  153 
8.699 
9.513 
7.760 

8.976 
.856 
.82 

‘3.63 

. .. 

3 

7.029 
8.391 

10.991 
12.472 
6.322 

I O .  104 
11.034 

- 

.9 .476  
2.280 
1 . 1 4  

4 

6 - 989 
12.274 
10.708 
9.699 

14.548 
14.917 
9.354 

11.214 
2.880 

‘2.23 
‘2.80 

5 

8.071 
10.711 
14.310 
11.902 
12.710 
19.361 
22.772 

14.262 
5.121 

‘4.15 

6 

13.917 
15.737 
17.514 
11.573 
20.327 
14.696 
9.107 

14.697 
3.703 

‘4.42 
c3. 88 

8 

13.493 
10.217 
19.187 
15.347 
15.563 
18.483 
10.951 

14.749 
3.444 

c 4 .  45 
‘2.25 

aTo be  compared w i t h  no-motion data us ing  au tomat ic  t r i m  p re sen ted  i n  

bEach u n i t  o f  time d e l a y  equa l s  0.03125 sec. 
‘Stat is t ical  s i g n i f i c a n c e  a t  5 pe rcen t  l e v e l .  

t ab le  X I I I .  
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TABLE X 1 V . -  Continued 

- -  

0 I 

. 4.182 3.947 
4.599 4.151 
3.972 4.840 
4.234 4.666 
4.279 5.471 
4.447 4.029 
4.167 3.956 

- 
E -v 
U 

t ( t ime de lay )  
t ( t r i m )  

4.267 4.438 
.204 .579 

Cont ro l  -88 
1.29 

7.145 
2.274 

b4.  52 

2 

4.572 
4.404 
5.084 
5.986 
5.328 
4.807 
4.642 

7.230 7.169 
1.585 .878 

b4 .66 b4. 55 
1.72 .47 

4.974 
.546 

1 .11  
.62 

-~ - 

7.257 6.757 
6.480 5.861 
6.352 9.696 
7.163 7.231 

11.963 5.538 

8 

6.617 
6 - 273 
8.159 
7 2 9 4  
7.446 
8.300 
6.096 

aEach u n i t  o f  time d e l a y  equa l s  0.03125 sec. 
bStat is t ical  s i g n i f i c a n c e  a t  5 pe rcen t  l e v e l .  
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TABLE X1V.- Continued 

(C) Hor izon ta l  e r r o r  

6 

7.471 
6.654 

10.756 
5.712 

10.631 
7.464 
3.569 

Hor i zon ta l  e r r o r  i n  meters f o r  u n i t s  o f  time de laya  of - 
8 

6.876 
3.944 

11.028 
8.053 
8.117 

10.183 
4.855 

0 

3.719 
3.271 
2.993 
3.502 
2.673 
3.408 
4.221 

2.521 
4.008 
4.596 
5.852 
2.448 
5.550 
5.328 

4.328 
1.402 

.80 

2.755 
5.'063 
4.828 
4.788 
7.754 
8.534 
3.554 

5.621 
2 .140  
1.92 

'3. 15 

1 

1.871 
2 - 545 
4.813 
6.050 
5.267 
4.103 
2.420 

7.465 
2.576 

b3. 52 
'4.52 

3.868 
1.606 

- 4 1  

7.580 
2.591 

'3. 62 
'3. 66 

2 

3.901 
4 .042  
4.709 
4.167 
3.371 
4.706 
3.118 

~ 

'h - 

t (  t i m e  de l ay )  
t ( t r i m )  

U 

4.002 
.608 
.52 

b4.74 

3.399 
.500 

Cont ro l  
1.86 

3(4 

I L. I 

aEach u n i t  o f  time d e l a y  equa l s  0.03125 sec. 
'Stat is t ical  s i g n i f i c a n c e  a t  5 percent  l e v e l .  

5 

3.231 
4.752 
7 A53 
5.422 
6 - 358 

12.198 
10.808 

7.117 
3.255 

b3 .22 
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TABLE X1V.- Continued 

( d )  A i l e ron  d e f l e c t i o n  

5.163 
4.034 
4.300 
5.206 
4.899 
5.620 
5.763 

t ( t i m e  de lay )  
t ( t r i m )  

3.797 
4.254 
4.974 
6.036 
4.7.80 
7.019 
6.423 

Aileron d e f l e c t i o n  ( x  I O 2 >  , r a d i a n s ,  f o r  u n i t s  
o f  time delaya of - 

4.998 
-641 
.62 

b5. 82 

I 

5.326 
1.189 

. I 6  

9 - 772 
4.441 
3.779 
4.806 
4.441 
4.682 
6.132 

5 - 436 
2.040 

Control  
b3. 69 

1 

3.256 
4.155 
5.950 
4.914 
5.210 
5.710 
4.742 

4.848 
.924 
.65 

4 

3.789 
5.408 
5.136 
5.527 
6.319 
6.531 
6.531 

5.606 
.982 
.24 

b5. 97 

5 

4.860 
6.603 
5.897 
5 - 870 
6.572 
6.882 
7.532 

6.317 
.860 
1.24 

6 

6.668 
6.352 
5.860 
6.597 
7.292 
7.068 
9.636 

7.068 
1.225 

b2. 30 
b6. 90 

8 

4.964 
5.889 
6.968 
5.974 
6.322 

11.125 
5.753 

6.714 
2.034 
1.81 

b4. 72 

____ 

aEach u n i t  o f  time d e l a y  e q u a l s  0.03125 sec.  
b s t a t i s t i ca l  s i g n i f i c a n c e  a t  5 pe rcen t  l e v e l .  
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TABLE X1V.- Concluded 

( e >  E leva to r  d e f l e c t i o n  

d e l a y )  

0 

2.092 
1.051 
-844 
.go2 
1.039 
1.118 
1.184 

Control  
b2. 72 

Eleva to r  d e f l e c t i o n  (.x IO2) , r a d i a n s ,  f o r  u n i t s  
of time delaya of - 

1.176 1 .421 I :e 

1 

0.691 
- 775 
1.061 
1.174 
1.295 
1.162 
1.142 

1.043 
.224 
1.12 

2 

1.066 
.943 
.980 
.956 
1.104 
1.213 
1.372 

1.091 
.I57 
.76 

b3. 26 

3 

0.750 
.go2 
1.331 
1.392 
1.209 
1.382 
1.434 

1 .. 200 
.269 
-05 

4 

0.861 
1.177 
1.312 
1.084 
1.402 
1.413 
1.466 

1.245 
.218 
- 39 

b2. 64 

5 

1.178 
1.299 
1.307 
1.339 
1.356 
1.450 
1.540 

1.353 
.I16 
1-19 

~ 

6 

1.452 
1.484 
1.513 
'I .533 
1.556 
1.581 
1.953 

1.582 
.I69 

b2.91 
b5. 60 

8 

1.269 
1.312 
1.291 
1.438 
1.571 
2.040 
1.204 

1.446 
.289 
1.89 

b3. 65 
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TABLE XV . - PILOT-MOTION-DELAY I N T E R A C T I O N  (PILOT C )  

( a )  T o t a l  e r r o r  

- ~ . ___~_ ._____  

)mor i n  meters f o r  u n i t s  o f  t i m e  de laya  of - 

5.694 
4.725 
4.464 
6.518 
5.729 
3.798 
3 - 761 
3.662 
5.072 
4.824 

t ( t ime de lay )  Control  
t ( molt i on  

No motion 

4.585 
5.182 
5.858 
4.637 
4.969 
4.707 
3.729 
4.665 
4.411 
4.327 

4.707 
.56 1 
.20 

___~ - 

5.147 
6 - 677 
5.482 
5.007 
6.205 
5.336 
5.036 
5.036 
4.790 
5.089 

5 - 380 
-600 
.94 

_ _ _  

. ~ 

12 

11.600 
5.540 
5.675 
5 - 542 

11.144 
7.049 
6.290 
6.598 
5 - 679 
5.375 

7.049 
2.342 

b3. 74 

- ~- 

F u l l  motion 

3.754 
3.967 
4.109 
4.412 
4.198 
5.355 
4.490 
4.618 
4.453 
3.690 

4.305 
.485 

Zontrol 
2.06 

~- 

3.936 
4.876 
4.702 
4.922 
4.288 
5.059 
4 - 994 
5.350 
4.310 
4.229 

4.666 
-451 

1.72 
.18  

. 

3.849 
5.288 
5.247 
5.645 
5.365 
4.408 
4.547 
4.528 
4.325 
4.158 

4.736 
.602 

2.05 
b2. 40 

- 

12 

5.322 
5.332 
5.045 
5.104 
4.936 
5.070 
4.413 
4.767 
5.294 
4.820 

5.011 
.289 

___ 

b3 - 36 
b2. 73 

. ~ ~- 

aEach u n i t  o f  time de lay  equa l s  0.03125 sec. 
' S t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percen t  l e v e l .  
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t ( t i m e  de lay )  
t (mot ion )  

- 

TABLE XV. -  Continued 

- ( b )  Vertical  e r ror  

Vertical error i n  meters for u n i t s  of 

2.959 
2.930 
2.957 
3.005 
3.094 
3.407 

3.217 
2.872 
2.842 

3.049 
. I 7 9  

Control  
1.39 

-I, 

3.202 

0 

3.880 
3.418 
3.395 
3 - 360 
3.633 
3 - 035 
2.807 
2.816 
2.749 
3.233 

3.233 
.378 

Control  

3.259 
-191 
.13 

No motion 

3.707 
- 473 

b2.30 

4.850 
3.847 
4,087 
3.539 
5.722 
4.141 
3.693 
3.826 
4.099 
3.605 

4.141 
.670 

b4.  40 

time delaya of - 
7 7  

F u l l  motion 
~ 

2.996 
3.549 
3.435 
3.164 
3.155 
3.324 
3.230 
3.198 
3.004 
2.944 

3.200 
. I 9 5  

1.61 
.68 

2.929 
3.281 
3.595 
3.505 
3.595 
3.237 
2.882 
3.249 
2.974 
3.102 

3.235 
.267 

1.98 
b2 75 

3.769 
3.439 
3.363 
3.628 
3.401 
3.401 
3.064 
3.354 
3.333 
3.303 

3.406 
.i89 

b3. 79 
b3.  34 

aEach u n i t  o f  time d e l a y  e q u a l s  0.03125 sec. 
b s t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percen t  l e v e l .  
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TABLE XV.- Continued 

( c >  Hor izonta l  e r r o r  

- 
:h 
0 

t (time de lay )  
t (mot ion  1 

I Hor izon ta l  e r r o r  i n  meters  f o r  u n i t s  o f  time delaya of - 

2.323 

1.592 
.76.7 

Control  

1.244 

1.448 
.459 
.41 

__7_ 

I I  

1.847 

1.674 
.247 
-23  

- - _ _ -  

~ .848 

.. .... 

3.703 
1.694 
1.588 
2.003 
5.422 
2.570 
2.596 
2.772 
1.580 
1.770 

2.570 
1.208 

'2.76 

F u l l  motion I 

1.256 
.348 

Contro l  
1.46 
~- . - 

-_ ~ 

0.941 
1.327 
1.266 
1.757 
1.134 
1.735 
1.764 
2.152 
1.306 
1.286 

1.467 
.368 

1.39 
.08 

- .__ 

- .. . 

0.920 
2.007 
1.652 
2.139 

1.171 
1.298 
1.646 
1.352 
1.056 

1 7 7 0  

1.501 
.406 

1.61 
1.15 
- ~~- 

1.552 
1.892 
1.683 
1.476 
1.535 
1.669 
1.350 
1.413 
1.961 
1.517 

1.605 
.J98 

b2. 30 
'2.49 

aEach u n i t  o f  time d e l a y  equa l s  0.03125 see. 
' S t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percen t  l e v e l .  
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TABLE XV.- Continued 

1.725 
1.186 
1.380 
1.215 
1 .,290 
1.471 
2.369 

1.218 
1.539 

1.471 

1.320 

I -358 

( d )  A i l e ron  d e f l e c t i o n  

5.166 
2.809 
3.253 
3.092 
2.686 
3.282 
3.972 
2.649 
2.592 
3.321 

3.282 
.783 

b6. 96 

I _  

-~ 

1.455 
1.178 
1.056 
.943 
.965 
1.540. 
1.131 
1.036 
.999 
1.130 

1;143 
.202 

Control 
b2. 52 

Aileron  d e f l e c t i o n  ( x  lo2), r a d i a n s ,  f o r  
time delaya o f  - 

1.399 
1.195 
1.172 
1.405 
1.633 
1.511 
1.619 
-999 
1.245 
1.001 

u n i t s  o 

1.799 
1.402 
1.386 
1.826 
1.988 
1.621 
1.027 
1.452 
1.343 
1.515 

t ( t i m e  de lay )  Cont ro l  
t (mo t i o n  1 I 

No motion 
~~ 

1.739 
1.856 
1.267 
1.044 
1.878 
2.123 
2.814 
1.426 
1.645 

.l.  325 

1.712 
.507 
* 75 

2.368 
3.157 
1.500 
1.550 
2.156 
2.511 

2.020 
1.912 
1.666 

3.222 

2.206 
..615 

b2. a2 

F u l l  motion 

2.736 
2.232 
1.281 
1.919 
2.939 
1.985 
1.781 
1.251 
1.506 
1.4a1 

1.911 
.582 

b4. 80 
b4.45 

aEach u n i t  o f  time d e l a y  equa l s  0.03125 sec. 
b S t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percent  l e v e l .  
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TABLE XV . - Concluded 

(e )  Eleva to r  d e f l e c t i o n  

_ _  

Eleva to r  d e f l e c t i o n  ( x  lo2) r a d i a n s ,  f o r  
u n i t s  o f  time delay' of - 

No motion 

- I 

0.637 
.382 
.458 
.570 
.656 
.599 - 993 
.703 
.514 
.476 

__ -. 

1 0::;: 
t(  time de lay )  Cont ro l  
t (mot i o n  

- ~ 

0.668 
-69 1 
.427 
.330 
.603 
-589 
- 893 
.594 
.607 
.485 

0.588 
.163 
.ll 

. -. . . - . 

0.923 
.725 
.388 
.442 
.897 
.879 
.843 
.651 
- 729 
.527 

0.700 

1.07 
.I94 

____ 

1.200 
-780 
.911 
1.033 
1.097 
1.187 
.957 
1.076 
-786 
-81 3 

0.984 
.159 

'3.81 

_ _  

.. .- _ _  .___ -. 

~~ O 14. I I I2 
F u l l  motion 

0.553 
.636 
.542 
.411 
.516 
.723 
.598 
.420 
- 475 
.480 

0.535 
.097 

2ontrol  
.74 

.795 
* 744 
.625 
.762 
.811 
.771 
.485 
.463 
- 553 
.571 

1. 658 
.I34 

i .82 
.80 

-~ . 

1 .oog 
.728 
.563 
.785 
* 793 
.735 
.544 
.576 
.519 
.638 

0,689 
.152 

'2.27 
.I5 

1.298 
1.153 
'-815 
.893 
1.060 
.803 
.798 
.721 
.701 
- 749 

0.899 
.202 

b5. 38 
.80 

aEach u n i t  o f  time d e l a y  equa l s  0.03125 sec. 
b s t a t i s t i ca l  s i g n i f i c a n c e  a t  5 percen t  l e v e l .  
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-. r- - - -  

TABLE XVI .- PILOT-MOTION-DELAY EFFECTS (PILOT D) 

( a )  Total e r r o r  

. -  

T o t a l  e r r o r  i n  meters f o r  u n i t s  of time delaya of - 

- 

4.426 
4.901 
4.612 
4.505 
4.782 
5.188 
4.953 
5.688 
4.100 
4.307 

4.745 
.465 

Control 

-~ 

-- . 

No motion 

6.482 
6.002 
5.613 
5.137 
5.270 
4.449 
5.096 
4.361 
5.146 
6.212 

5.377 
.704 

1.85 

-- - . - = 

5.752 
5.169 
5.246 
5.139 
7.876 
4.621 
5.380 
4.867 
5.672 
6.215 

5.593 
.922 

- ~~ 

b2. 49 

5.636 
6 - 273 
5.672 
7.907 
5.950 
5.794 
6.008 
6.602 
6.718 
7.989 

6.500 
.867 

'5.16 

- 

F u l l  motion 

5.364 
5.218 
5.459 
5.563 
5.883 
5.800 
4.651 
5.736 
5.209 
4.715 

5.360 
.424 

:on t r o l  
'3.08 

6.840 
6.977 
6.069 
9.056 
9.760 
7.410 

10.769 
7.273 
6.995 
8.562 

7.971 
I .498 

b6. 13 

aEach u n i t  o f  time de lay  equa l s  0.03125 sec. 
b s t a t i s t i ca l  s i g n i f i c a n c e  a t  5 percent  l e v e l .  

71 



TABLE X V I  . - Continued 

t ( t i m e  de lay )  

( b )  Vertical e r r o r  

- ~~. - 
~ 

/a1 e r r o r  i n  meters- f o r  u n i t s  of time de laya  of - 

3.036 
-243 

Cont ro l  

No motion 
I 

3.293 
3.175 
3.042 
2.628 
3.215 
3 - 337 
2.925 
2.985 
2.660 
3.095 

. 

3.535 
3.600 
3.276 
3.236 
3.480 
3.091 
3.373 
3.048 
3.455 
4.181 

3.427 
.322 

b2. 45 

-. -.  

3.808 
3.741 
3.396 
3.278 
4.868 
3.307 
3 - 346 
3.091 
3.776 
3.942 

3.655 
.510 

b3. 87 

. .  

8 
. 

. . 

3.956 
4.099 
4.076 
4.673 
4.068 
3.906 
3.624 
3 - 754 
4.108 
3.681 

3.994 
.298 

35 99 

~- . 

- 

0 

3.602 
3.441 
3.536 
3.550 
3.570 
3.872 
3.509 
3.825 
3.292 
3.592 

3.579 
. I69  

:on t ro l  
'5.81 

F u l l  motion 

3.503 
3.261 
3.042 
3.696 
3.694 
3.813 
3.589 
3 .?78 
3.570 
3 - 375 

3.532 
.244 
- 30 
.69 

3.681 
4.916 
3.668 
4.333 
4.154 
4.364 
3: 994 
3.930 
3.682 
3.624 

4.035 
.415 

b2. 91 
.25 

~. 

- 

4.132 
4.580 
4.500 
5.172 
5.671 
4.773 
4.976 
5.073 
4.106 
4.807 

4.779 
.479 

.___ - 

b7. 66 

aEach u n i t  of time de lay  equa l s  0.03125 sec.  
b s t a t i s t i c a l  s i g n i f i c a n c e  a t  5 pe rcen t  l e v e l .  
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t ( t i m e  de lay )  
t (mot i o n )  1 

J 

- 

TABLE XV1.- Continued 

( c )  Hor i zon ta l  e r r o r  

2.067 
1.779 
1.925 
2.014 
2.314 
1.928 
1.143, 
1.911 
1.917 
1 . 1 2 4  

1.812 
.384 

Cont ro l  
.54 

~~ 

l o r i z o n t a l  e r r o r  i n  meters f o r  u n i t s  of  time de laya  of  - 

1.133 
1.725 
1.571 
1:878 
1.568 
1.851 
2.028 
2.703 
1.438 
1 . 2 1 1  

I /  No motion 

2.947 
2.402 
2.336 
1.901 
1.790 
1.358 
1.723 
1.314 
1.691 
2.031 

1.711 
.451 

Control  

1.949 
.501 
.92 

1.944 
1.427 
1.849 
I .861 
3.008 
1.315 
2.033 
2.082 
1.896 
2.271 

1.969 
.465 
.99 

- 

1.680 
2.625 
1.597 
3.233 
1.883 
1.888 
2.384 

.2.848 
2.610 
4.306 

2.505 
.830 

__ 

b3. 05 

4 1 8  1 1 2  

F u l l  motion 

? .  322 
1.095 
1.340 
2.142 
1.599 
1 A19 
1.435 
2.861 
2.190 
1.171 

1.757 
.584 
. I 6  
I90 

~ 

1.850 
2.114 
1.647 
2.869 
2.359 
2.352 
3.063 
1.681 
2.119 
1.394 

2.145 
.535 
.99 

1 . I 5  

2.708 
2.398 
1.569 
3.883 
4.090 
2.637 
5.793 
2.199 
2.889 
3.754 

3.192 
1.213 

34. 12 

aEach u n i t  o f  t i m e  d e l a y  equa l s  0.03125 sec. 
" S t a t i s t i c a l  s i g n i f i c a n c e  a t  5 percent  l e v e l .  
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I I  

0 

TABLE XVI .- Continued 

3 4 

( d )  A i l e ron  d e f l e c t i o n  

2.913 
.609 

b2.77 

Ai le ron  d e f l e c t i o n  ( x  lo2), r a d i a n s ,  f o r  
u n i t s  of  t ime delaya of - 

F u l l  motion 

1.250 1.434 1.548 
1.147 1.364 1.693 
1.213 1.533 1.615 
1.191 1.352 1.829 
1.376 1.509 1.645 
1.558 1.619 1.729 
1.273 1.592 1.641 
1.377 1.818 1.775 
1.104 1.517 1.301 
.955 1.246 1.396 

1.244 1.498 1.617 
.I67 .161 .164 

Control  '3.48 '5.10 
'5.27 '4.87 b6.50 

1.757 
2.116 
2.524 
2.841 
1.551 
1.281 
2.585 
2.146 
3.029 
2.432 

2.226 

t( time de lay )  Con t ro l  
t (motion 1 

No motion 

2.192 
2.069 
2.062 
2.895 
2.142 
2.174 
1.968 
2.443 
2.175 
1.989 

2.211 
.275 
.06 

2.328 
1.983 
2.693 
3.165 
3.696 
1.809 
2.246 
2.445 
3.579 
1.885 

2 - 583 
.685 
1.44 

1.903 
1.934 
1.849 
2.001 
1.939 
2.058 
2.052 
1.845 
1.507 
1.806 

1.889 
.161 

b8. 82 

aEach u n i t  of  time d e l a y  e q u a l s  0.03125 sec. 
'Stat is t ical  s i g n i f i c a n c e  a t  5 p e r c e n t  l e v e l .  
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TABLE X V 1 . -  Concluded 

_ I _  

0.692 
.595 
.644 
.608 
.550 
.629 
.654 
.647 
.589 
.472 

0.608 
.062 

Control 
1.01 

-~ 

.. 

(e). E leva to r  d e f l e c t i o n  

- 
6 0.568 -e 
(J .I10 
t ( t i m e  de l ay )  Control  
t (mot ion )  

~ .. - 

Eleva to r  d e f l e c t i o n  ( x  IO2) r a d i a n s ,  f o r  
u n i t s  o f  time delayA of  - 

L .  

0.444 
- 538 
.526 
.566 
.448 
.484 
.678 
.557 
.798 
.639 

No motion II ' F u l l  motion 

I .  634 
.491 
.501 
.609 
.495 
.508 
.508 
.539 
.708 
.802 

3.579 
.lo7 
.20 

- ~~ 

0.622 
.578 
.623 
.693 
.958 
.543 
.527 
.575 
.841 
.843 

0.680 
* 149 
1.93 

0.516 
.698 
.687 
,808 
,814 
.648 
.836 
.876 
.851 
1.060 

0.779 
,149 

b3. 63 

I .  841 
.682 
.571 
.584 
.658 
.643 
.600 
.719 
.770 
.597 

3.667 
.088 

.25 
1.61 

0.752 
.861 
.660 
.731 
* 737 
.697 
.818 
- 735 
.784 
- 593 

0.737 
.077 

-80 

~ 

b3. 54 

0.866 
.885 
.803 
.711 
.862 
.678 
.621 
.659 
.777 
.804 

0.767 
.094 

'4.36 
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Figure 1 .- Langley visual-motion s imula to r .  



L-75-1306 ..I 
F igure  2.-  Cockpit i n t e r i o r  showing two-axis f i n g e r t i p  c o n t r o l l e r  

( i n s t r u m e n t s  and t h r o t t l e s  n o t  a c t i v a t e d  f o r  t e s t s ) .  



L-75-3 154.1 
Figure  3.- Photograph o f  v i s u a l  scene  observed by s u b j e c t  when tracker a i rc raf t  

was n e a r l y  a l i n e d  w i t h  t a r g e t .  



Stick- f o rce d i recti o n s 
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Figure 4.- Two-axis stick force characteristics. 
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Figure  5.- Sketch of  secondary t a s k  board and s t y l u s .  
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I I I 1- 

Time, t, sec 
O i o 4 0 6 0 8 0 l 0 0 1 2 0  

I J 
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Time, t, sec 

Figure  6 . -  Typ ica l  time h i s t o r y  us ing  b a s i c  a i r p l a n e  wi th  no motion 
and 8 units of time de lay .  S u b j e c t  A .  
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Secondary 
task, 
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Time, t, sec 

Figure 7.- Typ ica l  time h i s t o r y  us ing  basic a i r p l a n e  wi th  f u l l  motion 
and 8 units of time de lay .  Subject  A. 
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Figure 8.  - Concluded. 



0 Full  mot ion 
0 No mot ion 
0 Full mot ion/  n o  secondary task 
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U n i t s  of delay (T and T ) 
V m 

6 a 

-u .. . 
0 0 0 Ee 

-1. . .. I I 1 .  
0 4 8 12 16 

Uni ts  of delay hV and T ) m 

Figure  9.- Performance measures f o r  basic a i r p l a n e  w i t h  and wi thout  motion. 
(L ines  and s o l i d  symbols are used t o  denote s ta t i s t ica l  s i g -  Sub jec t  A .  

n i f i c a n c e  of t i m e  de l ays  and motion cues ,  r e s p e c t i v e l y .  One u n i t  o f  t i m e  
de l ay  equa l s  0.03125 sec.)  
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Figure  10.- Performance measures f o r  good a i r p l a n e  w i t h  and without  motion. 
(Lines  and s o l i d  symbols are used t o  denote  s ta t i s t ica l  sig- Sub jec t  A .  

n i f i c a n c e  of time de lays  and motion cues ,  r e s p e c t i v e l y .  One u n i t  of t i m e  
de lay  equa l s  0.03125 sec.)  
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Figure  11.- Target frequency effects  f o r  basic a i r p l a n e  wi th  f u l l  motion. 
Sub jec t  A .  
n i f i c a n c e  of t i m e  de l ays  and target frequency, r e s p e c t i v e l y .  One u n i t  
of t i m e  de lay  equa l s  0.03125 sec. 1 

(Lines  and s o l i d  symbols are used t o  denote  s t a t i s t i ca l  sig- 
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Figure  12.- Motion-condition e f f e c t s  f o r  basic a i r p l a n e .  Sub jec t  A .  (L ines  
and s o l i d  symbols are used t o  denote s t a t i s t i ca l  s i g n i f i c a n c e  of time de lays  
and motion c u e s ,  r e s p e c t i v e l y .  One u n i t  of t i m e  de l ay  equa l s  0.03125 sec.) 
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Figure 13.- Effect of time de lays  i n  motion system (wi th  'cV = 8 units). 
Subject A .  
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@, deg 0 501 " 

Time, sec 

F-igure 14.- Typica l  time h i s t o r y  of f l i g h t  w i th  f u l l  motion 
bu t  no time d e l a y s  and no secondary t a s k .  Sub jec t  A .  
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Figure  14. - Concluded. 
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Figure  17.- Motion and time-delay e f fec ts  f o r  p i l o t  B w i t h  basic a i r p l a n e .  
(L ines  and s o l i d  symbols are used t o  denote  s t a t i s t i c a l  s i g n i f i c a n c e  o f  
time d e l a y s  and motion c u e s ,  r e s p e c t i v e l y .  
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Figure  19.-  Motion and t ime-delay effects  f o r  p i l o t  C w i t h  basic a i r p l a n e  and 
reduced heave cue.  ( L i n e s  and s o l i d  symbols are  used t o  denote  s t a t i s t i c a l  
s i g n i f i c a n c e  of  time de lays  and motion cues ,  r e s p e c t i v e l y .  
d e l a y  equa l s  0.03125 sec.)  
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s i g n i f i c a n c e  of time d e l a y s  and motion cues ,  r e s p e c t i v e l y .  
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( L i n e s  and s o l i d  symbols are  used t o  denote s t a t i s t i c a l  
One u n i t  of 
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